AD

(Leave blank)

Award Number: W81XWH-04-1-0881

TITLE:
Caffeine, Adenosine Receptors and Estrogen in Toxin Models of Parkinson’s Disease

PRINCIPAL INVESTIGATOR: Michael A. Schwarzschild, MD PhD

CONTRACTING ORGANIZATION:
MASSACHUSETTS GENERAL HOSPITAL
BOSTON MA 02114-2554

REPORT DATE: October 2010

TYPE OF REPORT: Final

PREPARED FOR: U.S. Army Medical Research and Materiel Command
Fort Detrick, Maryland 21702-5012

DISTRIBUTION STATEMENT : (Check one)
M Approved for public release; distribution unlimited
[l Distribution limited to U.S. Government agencies only;

report contains proprietary information

The views, opinions and/or findings contained in this report are
those of the author(s) and should not be construed as an official
Department of the Army position, policy or decision unless so
designated by other documentation.



Form Approved
REPORT DOCUMENTATION PAGE OMB No. 0704-0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the data
needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing this burden to
Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-4302. Respondents
should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a currently valid OMB control number.
PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From - To)
10-30-2010 Final 10-1-2004 to 9-30-2010
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER
Caffeine, Adenosine Receptors and Estrogen W81XWH-04-1-0881
5b. GRANT NUMBER
in Toxin Models of Parkinson’s Disease 04043001
5c. PROGRAM ELEMENT NUMBER
6. AUTHOR(S) 5d. PROJECT NUMBER
Michael A. Schwarzschild, MD PhD W23RYX-4211-N604

5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION REPORT
NUMBER

Massachusetts General Hospital
Research Management

50 Staniford Street, Suite 1001
Boston, MA 02114-2554

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S)
Commander

U.S. Army Medical Research and Materiel Command

ATTN: MCMR-ZC-1 11. SPONSOR/MONITOR’S REPORT

504 Scott Street NUMBER(S)

Fort Detrick, Maryland 21702-5012

12. DISTRIBUTION / AVAILABILITY STATEMENT YeS (approved for public release)

13. SUPPLEMENTARY NOTES

14. ABSTRACT

Substantial progress has been made toward our original Specific Aims (SAs) in pursuit of the core hypothesis
that multiple environmental protectants and toxins interact to influence of the health of the dopaminergic
neurons lost in PD. SA#1: Using a series of global and conditional knockout mice lacking the adenosine Aja
receptor, we characterized the molecular and cellular basis of caffeine’s protective actions in acute toxin models
of PD. Recently we showed that caffeine also confers protection in a chronic pesticide model of PD. SA#2: We
have validated a powerful (AAV) virus-based (cre) gene delivery system to conditionally knock out adenosine
receptors from specific brain regions, enabling us to determine in which brain region(s) Aga receptors contribute
to neurotoxicity. Despite technical challenges of viral and/or cre gene toxicity, we have obtained initial evidence
of striatal A,a receptor-dependence of MPTP toxicity with this system. SA#3: We systematically demonstrated
that endogenous estrogen (in females) and exogenous estrogen (e.g., in ovariectomized females) can prevent
the protective effect of caffeine on MPTP toxicity, without altering caffeine pharmacokinetics. The findings
provide insight into epidemiological studies consistently identifying coffee and caffeine consumption as an
inverse risk factor for PD in men, and only in women who have not taken estrogen replacement therapy. These
data have helped substantiate that critical interactions between environmental toxicants and protectants
influencing the neurodegeneration of PD. Finally, our demonstrations of adenosine A,a receptor-dependent
protection by caffeine, and of the prognostic biomarker potential of another purine urate, have directly
contributed to the rationale for novel clinical trials with disease-modification designs currently in progress.

15. SUBJECT TERMS

adenosine, caffeine, estrogen, neuroprotection, neurotoxin, Parkinson’s disease

16. SECURITY CLASSIFICATION OF: 17. LIMITATION | 18. NUMBER 19a. NAME OF RESPONSIBLE PERSON
OF ABSTRACT | OF PAGES
a. REPORT b. ABSTRACT c. THIS PAGE 19b. TELEPHONE NUMBER (inc area code)
194

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std. Z39.18




W81XWH-04-1-0881

Table of Contents

L0 3 PR 1
SF 298/abstract..........c.ccoeiiiiiiiiii 2
Table of Contents..........ccocvviiiiiiiiii e 3-4
INtroduction.........coiiiii e 5-6
BOdY. .. o i 7-36
* Year 1 annual report body ...........cocvvviiiininnnnn. 7-12
* Year 2 annual report body ...........cocviiiiininnnnn. 13-21
* Year 3 annual report body ...........cocviiiiiininnnnn. 22-29
* Year 4 annual report body ...........cocviiiiiininnnnn. 30-32
* Year 5 annual report body ...........cocviiiiiiiinnnnnn. 33-35
L (= | R 35-36
Key Research Accomplishments...............cocoininnnnnn. 37-39
Reportable Outcomes..........ccociiiiiiiiiiic e, 39-43
Conclusions/Plans...........c.ccvviiiiiiiiiiiiini s 43-44
Complete List of Project Personnel ............cccocoeviiiiinnnn. 44

Appendices/Bibliography

Abstracts (acknowledging support of W81XWH-04-1-0881)
: Xu et al, 2005 [SFN]
: Pisanu et al, 2006 [A2A & PD conference]
: Pisanu et al, 2006 [SFN]
: Xu et al, 2006 [A2A & PD conference]
: Xu et al, 2006 [SFN]
: Kachroo et al, 2007 [SFN]
: Pisanu et al, 2007 [SFN]
: Luo et al, 2007 [SFN]
Kachroo et al, 2008 [SFN]
Pisanu et al, 2008 [SFN]
: Kachroo et al, 2009 [SFN]
: Schwarzschild et al, 2009 [/BAGS X]

FrXCTIOTMMOOW>

Final Report

Journal Publications (acknowledging support of W81 XWH-04-1-0881)

M: Hauser & Schwarzschild. 2005 [Drugs & Aging]
N: Xu et al, 2006 [J. Neurosci.]
O: Schwarzschild et al, 2006 [Trends Neurosci]



W81XWH-04-1-0881 Final Report

P: Hauser & Schwarzschild, 2007 [Curr Opin Neurol]
Q: Ascherio et al, 2009 [Arch Neurol]

R: Carta et al, 2009 [J Neurochem)]

S: McFarland et al, 2009 [J Neuropath Exp Neurol]
T: Xiao et al, 2010 [Brain Res]

U: Morelli et al, 2010 [Prog Brain Res]

V: Black et al, 2010 [Neurosci Lett.]

W: Xu et al, 2010 [Neurosci.]

X: Kachroo et al, 2010 [Exper Neurol]



W81XWH-04-1-0881 Final Report

Introduction

Identifying the mechanisms by which purines like caffeine and more specific A,,
antagonists protect dopaminergic neurons in models of Parkinson’s disease (PD) will
advance our knowledge of the pathophysiology, epidemiology and therapeutics of PD.

The overarching hypothesis pursued by this proposal is that multiple environmental
protectants and toxins interact to influence of the health of the dopaminergic
neurons lost in Parkinson’s disease. Here we endeavor to characterize the interplay
between several environmental agents (pesticides, caffeine, estrogen and most recently
the caffeine-related purine urate) that are leading candidate modulators of PD risk.

We have pursued 3 specific hypotheses:

1) Caffeine acts through blockade of brain A2aRs to protect dopaminergic neurons
in both acute and chronic toxin models of PD. (Specific Aim #1)

2) Caffeine perfusion and focal A2aR inactivation within the striatum are
sufficient to attenuate MPTP toxicity, by reducing toxin-induced release of
glutamate and/or GABA. (Specific Aim #2)

3) Estrogen attenuates the protective effect of caffeine but not the protective of
A2aR deletion because it acts by altering caffeine metabolism or A2aR
expression. (Specific Aim #3)

Statement of Relevance (from original proposal)

A. Parkinson’s Disease -

Basic neuroscience significance - The results will improve our understanding of
adenosine receptor neurobiology, and will provide insight into the role of
endogenous adenosine in basal ganglia biology physiology and PD pathophysiology.

Epidemiological significance - Establishing the ability of caffeine to protect
dopaminergic neurons in PD models and identifying a plausible mechanism of action
greatly strengthens the hypothesis that a neuroprotective effect of caffeine is the
basis for its inverse epidemiological association with risk of PD.

Therapeutic significance - With several specific adenosine A,, antagonists emerging
as promising therapeutic candidates based on their motor-enhancing (symptom-
relieving) action, the prospects for additional neuroprotective benefit substantiated
by this project may considerably enhance their therapeutic potential. In addition,
identifying a biological basis for caffeine-estrogen interaction in modifying PD risk
could also affect recommendations for estrogen replacement strategies in women
with PD taking A,, antagonists or caffeine (and vice versa). Furthermore, based on
evidence that A,,Rs contribute to the neurotoxicity affecting cortical and striatal
neurons (as well as dopaminergic neurons), our findings may support novel A,,R-
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based neuroprotective treatments for a wider range of neurological diseases from
stroke to amyotrophic lateral sclerosis (ALS) to Alzheimer’s disease.

B. Environmental Neurotoxin Exposure in Military Service — By characterizing the
neuroprotective effects of caffeine in a chronic pesticide model of PD (as well as the
acute MPTP model), the proposed work will define a prototypical interaction between
environmental toxins and protectants in determining the extent of a well-characterized
neurological lesion (dopaminergic neuron death). Although there has been no compelling
evidence to suggest that the incidence of PD will itself increase in association with
military service or combat theatre exposures,'! putative toxin exposure in the military
may be linked to the development of another debilitating neurodegenerative disorder,
ALS.”" Moreover, some objective biological measures in veterans diagnosed with a
“Persian Gulf War syndrome” have indicated dysfunction of dopaminergic
neurotransmission in the basal ganglia,”’ raising the possibility (together with other
data®!) of altered risk for PD in this group. In any event, establishing a biological
precedent for neurotoxin-neuroprotectant interplay in the relatively common disorder of
PD, may provide a ‘roadmap’ that can be used should any neurological illness be
confirmed to develop in association with prior military exposures.

C. Understanding the Non-stimulant CNS Effects of Caffeine. The psychoactive
agent caffeine has been endorsed for military use at relatively high doses to help maintain

operational readiness.”! This recommendation has been based on a large body of
evidence demonstrating sustainment of mental task performance by caffeine, and a lack
of evidence for substantial harm at these doses. However, adopting the use of any CNS-
active drug by protocol warrants careful consideration of newly appreciated neuronal
actions of the agent.  Accordingly, the proposed investigation of the novel
neuroprotective effect of caffeine and its underlying mechanisms (e.g., altered
neurotransmitter release) would be of significance for military programs that provide
specific doses of caffeine to personnel to enhance cognitive function.

D. Gender Differences in How Environmental Factors Impact Toxin Susceptibility.
Our investigation of how caffeine and estrogen exposures interact to modify neurotoxin
susceptibility in laboratory models of PD may have substantial significance for the
human epidemiology that prompted our pursuit of this line of research. In addition, the
proposed studies may provide a prototype for modeling how gender and estrogen status
interact with environmental exposures of relevance to the military (i.e., neurotoxins,
caffeine). A better appreciation of how gender alters susceptibility to environmental
toxins or protectants may ultimately lead to a better understanding (and modification) of
the differential risks faced by women and men serving in the same military operations.
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Body of the Report: from Yr 1 Annual Report

Progress on Specific Aims and experiments as laid out in our Statement of Work (SOW [in
blue]) is described here in detail.

STATEMENT OF WORK

Specific Aim #1 — to definitively determine whether brain A,,Rs or A;Rs contribute to
dopaminergic neuron degeneration in acute and chronic toxin models of PD, and whether
the brain A,,R is required for caffeine’s protective effect in these PD models. (~576
mice)

Hypothesis 1: Caffeine acts through blockade of brain A,, (not A,) receptors to
protect dopaminergic neurons in both acute (MPTP) and chronic
(paraquat/maneb) toxin models of PD.

Exp# 1 — Effect of the A,/A,, receptor double KO in MPTP and paraquat/maneb
(Pq/Mb) models

We have generated an Aj-Asx double KO line of mice in collaboration with Drs. Jiang-
Fan Chen (Boston) and Bertil Fredholm (Sweden) in which our previously characterized
Asa KO mice have been crossed with A; KO mice. Importantly, we designed a breeding
scheme that has placed the individual KO lines onto a common genetic background
(C57Bl/6) using a marker-assisted selection (“speed congenic”) strategy that virtually
eliminates the common confounder of mixed genetic background in the interpretation of
knockout mouse studies. During the past year we have begun to expand the colony
through double heterozygote ([4;™, A24™] x [As", A24™]) matings. This breeding
strategy though arduous yields well-matched set homozygous A; KO [A4;7, A24™7], Asa
KO [A4,7", A247], double A-Aspn KO [A4;”, A247] and control WT [4;"*, 4,47
littermates. (Note that mice of these 4 genotypes comprise only a quarter of all offspring.)
In preparation for the proposed
experiments we are expanding this double KO
colony through these double heterozygote
crosses, with PCR genotyping of the offspring KO
producing the desired KOs and controls in the wT
expected Mendelian distribution as shown in
Figure 1 (with lane 2 showing a double KO, for
example). We are also completing a
stereological analysis of nigral dopaminergic AR
neurons after chronic treatment in vivo with the
paraquat/maneb pesticide combination (+/- Ko __
caffeine, a mixed A;-A,n antagonist), which wT
may further establish the rationale for
investigating this chronic pesticide model of
PD in the single and double A;-Azx KO mice.

AR

Fig. 1 — AsR and A2sR genotyping of offspring from double heterozygote matings. To
detect WT and mutant (KO) alleles of the AsR and A24aR genes in the same congenic C57BL/6mice, we
employed PCR genotyping protocols with one downstream primer targeting the inserted Neo-cassette
and another targeting the WT A+R or A24aR gene to distinguish mutant from WT alleles for each gene.
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Exp# 2 — Effect of brain-specific A,, KO in MPTP and Pq/Mb models.

In preparation for this experiment we have completed the generation and initial
characterization of a conditional (Cre/loxP system) KO of post-natal forebrain
neuronal A, receptors. As detailed in our proposal the CamKIla promoter was used
to drive expression of the cre recombinase gene in postnatal forebrain neurons, and
thus to cause selective depletion of striatal neuron Aja receptors following brain
development. In our recent publication Bastia et al, 2005 (Neuropsychopharm, 30:891-
900) we confirm successful forebrain-specific recombination by genetic,
autoradiographic and behavioral assessments.

Exp# 3 — Brain A,,R-dependence of caffeine’s neuroprotective effect.

We took advantage of a complementary transgenic Cre mouse line (provided by
Dr. David Guttmann, St. Louis) that uses the GFAP promoter to drive expression of
the cre gene in astrocytes. By crossing this mouse with the ‘floxed AzA’ line of mice,
we have generated a set of mice lacking the A,a receptor in astrocytes. This astrocytic
A KO line has allowed us to ask whether brain astrocytes express the A,a receptors
whose blockade by caffeine protects against MPTP toxicity. This possibility has
become of particular interest with the recent appreciation that astrocyte A, receptors
can play a role in control extracellular glutamate concentrations."”®

This past year we have conducted two experiments to address the role of astrocyte
Aja receptors in neuroprotection by caffeine. The pooled results (see Fig. 2) clearly
indicate that the astrocyte Aja receptor is not essential for caffeine’s protective effect
in the MPTP model because it’s neuroprotection by caffeine is undiminished in mice
lacking astrocyte Aja receptors. This finding is consistent with our original
hypothesis, and we therefore plan to pursue the neuron-specific conditional KO
experiment in the coming year.

Caffeine (25mpk) + MPTP (35mpk) in GFAP-cre AZA[flox/flox] mice 0S+S

120 - B S+M

100 - Hkk | OC+M
80 - Hk

60 -
40 A
20 ~
0

Striatal dopamine
(% of S+S)

No Cre Cre

Fig. 2 — Conditional astrocyte KO of A;a receptors does not eliminate neuroprotection by caffeine.
Caffeine (C) attenuates the loss of striatal dopamine induced by MPTP (M, 35 mg/kg) not only in control
(“No Cre”) mice (i.e., Azafflox/flox]), but also in astrocyte (conditional) KO littermates (“Cre”) mice (i.e.,
GFAP-cre, Aafflox/flox]).
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Specific Aim #2 — to localize the region within brain through which caffeine or A,,
receptor inactivation produces its neuroprotective effect in the MPTP model of PD. (~576
mice)

Hypothesis 2: Caffeine perfusion and focal A,, receptors inactivation within
striatum (but not frontal cortex) are sufficient to attenuate MPTP toxicity, by
reducing toxin-induced striatal release of glutamate and/or GABA.

Exp# 4 — Effect of intracerebral caffeine perfusion on MPTP-induced neuro-
transmitter overflow and toxicity:

In preparation for this experiment with local administration of caffeine, we are
continuing to characterize (using microdialysis) MPTP-induced neurotransmitter
overflow in the striatum and its modulation by systemic caffeine.

Exp# 5 — Effect of intracerebral infusion of Cre-expressing adeno-associated virus
(AAV-Cre) on MPTP-induced toxicity in floxed A,,R mice: Homozygous

floxed A,,R mice that
previously received a | A B

stereotactic infusion of

AAV.Cre  or  AAV. AAV1-GFP AAV1/8-GFP
green fluorescent protein
(AAV-GFP) into the
striatum  (or  frontal
cortex or substantia
nigra) will be acutely
exposed to systemic
MPTP. One week later
infusion needle track
will be localized
histochemically, while
dopaminergic  neuron
integrity will be
visualized by striatal
DAT binding and nigral
TH-IR counts will be
assessed as in Exp #4.

We have made
substantial progress toward
this experiment in

successfully introducing the
a viral (AAV) cre
recombinase gene into the
striatum of ‘floxed A,,’
mice, leading to the
unilateral local
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recombination and disruption of the A,, gene, and in turn the elimination of striatal
A,, receptors. Working with several serotypes of AAV-cre and AAV-GFP (provided
through a collaboration with Dr. Miguel Esteves), Dr. Augusta Pisanu (a post-doctoral
fellow who joined the lab earlier this year specifically to pursue this SA) has
demonstrated that AAV-GFP stereotactically injected into the striatum of wild-type
mice leads to the local expression of GFP (green fluorescent protein; Fig. 3). The area
of infection/expression was better localized to the targeted striatum when using a
serotype 1 AAV-GFP (Fig. 3A) compared to a mixed serotype 1/8 AAV-GFP (which
produced more widespread expression crossing over from the targeted striatum into
the overlying cortex; Fig. 3B).

Fig. 3 — Intrastriatal injection of AAV1-GFP leads to local striatal GFP expression. (A) One month
after stereotactic unilateral intrastriatal injection of AAV1-GFP into wild-type C57BL/6, coronal brain
sections were treated with a Hoechst chromatin stain (rich blue background). Green fluorescence was
detected in rostral (top) through caudal (bottom) sections only on the side of the injection, and almost
entirely within the striatum (str). (B) By contrast, injection of an AAV1/8-GFP serotype under the same
conditions led to a much less discreet distribution of GFP (without Hoechst counter-stain in this mouse)
in cortex (ctx) as well as striatum. Injection needle tracks are indicated (*%).

-10 -
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Accordingly, we have selected AAV1-cre (serotype 1 AAV-cre) for targeting
the selective elimination of striatal A,, receptors in floxed A,, mice. Figure 4A shows
successful cre expression (with detection of Cre immunoreactivity within striatal
nuclei by immunohistochemistry) on the side of AAV1-cre injection. Remarkably,
adjacent coronal sections demonstrate complete elimination of detectable striatal A,,
receptors (Fig. 4B) in the exact region of the Cre recombinase. This close correlation
of nuclear Cre expression and A,, receptor disappearance is consistent with functional
recombinase producing the expected recombination across the loxP sites flanking a
critical sequence within the A,, gene in the ‘floxed A,,” mice. This sequence deletion
was designed to disrupt the gene, leading to discontinued production of functional
receptor.

A. Cre Recombinase immunoreactivity

Fig. 4 — Intrastriatal injection of AAV1-cre leads to local striatal Cre expression (A) and the
coincident elimination of striatal A,a receptors (B) in ‘floxed A;,’ mice. One month after stereotactic
unilateral intrastriatal injection of AAV1-cre into ‘floxed Aza’ (Aza[flox/flox]) mice, Cre-immunoreactivity was
assessed by Cre immunohistochemsitry (A) with a HRP-coupled secondary antibody yielding a (brown)
reaction product in the nucelei of striatal cells (seen best at 40x magnification on the right). Adjacent
coronal brain sections were processed for Aza receptor immunohistochemsitry (B) with a HRP-coupled
secondary antibody yielding a (brown) DAB reaction product more but specifically staining the striatum,
except in the precise location of Cre expression (c.f., contents of red ovals in A and B).

11 -
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This methodological advance will allow us to dissect A,, receptor involvement in
neurotoxin models of PD with an unprecedented combination of anatomical and
molecular precision.

Specific Aim #3 — to investigate caffeine-estrogen interactions in the MPTP model of PD
by determining the effect estrogen replacement on the neuroprotective phenotype of A2a
KO mice, and exploring potential peripheral and CNS mechanisms contributing to
caffeine’s reduced neuroprotective efficacy in the presence of estrogen. (~576 mice)

With support from this award we have completed our initial study of estrogen-
caffeine interaction in the MPTP model of Parkinson’s disease, as detailed in the
attached manuscript and meeting abstract (Appendices A and N). Our results
demonstrate that estrogen reduces caffeine’s neuroprotective effect against MPTP
toxicity in both male and female mice. In the context of human epidemiology on PD,
our findings suggest a biological basis for the interaction between estrogen and
caffeine in modifying the risk of PD.

Hypothesis 3: Estrogen attenuates the protective effect of caffeine but not the
protective of A,, receptor deletion because it acts by altering caffeine metabolism
or A,, receptor expression.

Exp# 6 — Effect of estrogen replacement on MPTP toxicity in OVX A:za KO versus
WT mice.

The clear outcome of Exp# 7 showing that estrogen did not alter caffeine
metabolism (see below) argues against the premise in Hypothesis 3. Therefore, it may
be that estrogen will in fact attenuate the protective effect of A2a receptor depletion (in
the A2a KO) as well as caffeine’s protective effect.

Exp# 7 — Effect of estrogen replacement on caffeine pharmacokinetics and striatal
A,, receptor density: The effects of controlled-release estrogen versus vehicle
pellets implanted in OVX female WT mice will be determined on serum and brain
concentrations of caffeine at various time points after intraperitoneal caffeine
administration (Exp # 7a), and on A2a, D1 and D2 receptor autoradiography in the
striatum (Exp # 7b).

We have completed this experiment with the clear demonstration that
chronic exogenous estrogen attenuates caffeine’s neuroprotective effect without
altering serum or brain levels and kinetics of caffeine or its demethylation metabolites
theophylline, paraxanthine and theobromine. These data are provided in the context of
a full manuscript under revision for the J. Neurosci. (Appendices N and W). We
similarly report that A2a receptor expression is unaffected by estrogen treatment in our
paradigm.

12 -
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Body of the Report: from Yr 2 Annual Report

Progress during Year 2 on Specific Aims and experiments as laid out in our Statement of
Work (SOW [in blue]) is described here in detail.

STATEMENT OF WORK

Specific Aim #1 — to definitively determine whether brain A,,Rs or A Rs contribute to
dopaminergic neuron degeneration in acute and chronic toxin models of PD, and whether
the brain A,,R is required for caffeine’s protective effect in these PD models.

[Please see abstract publications in Appendices D and E.]

Hypothesis 1: Caffeine acts through blockade of brain A,, (not A,) receptors to
protect dopaminergic neurons in both acute (MPTP) and chronic
(paraquat/maneb) toxin models of PD.

Exp# 1 — Effect of the A,/A,, receptor double KO in MPTP and paraquat/maneb
(Pq/Mb) models
As reported in our Year 1 progress report we have generated an Aj-Asa
double KO line of mice in collaboration with Drs. Jiang-Fan Chen (Boston) and
Bertil Fredholm (Sweden). The expansion of this line through double
heterozygote ([A;™, A24™] x [As7, A2”]) matings has been slow yielding
adequate numbers of well-matched set homozygous A; KO [4;7, A24™7], Asa KO
[A;7", A247], double Ai-Asx KO [A;”, A2."] and control WT [4;7, 42,7
littermates. (Note that mice of these 4 genotypes comprise only a quarter of all
offspring.) The generation of A; KO [A4,”, A247*] (i.e., 1/16 of the expected
offspring assuming a Mendelian distribution) has been lower than the other 3
genotypes, suggesting a reduced embryonic or perinatal viability in the absence of
the A; receptor in this mouse strain (C57Bl/6). To simplify the breeding and
improve the yield we may cross only A; heterozygotes to assess the role of the
just A; receptor in a neurotoxin model of PD (separately from that of the Aja
receptor, which we previously established).

Exp# 2 — Effect of brain-specific A,, KO in MPTP and Pq/Mb models.

As reported for Year 1, we completed the generation and initial characterization
of a conditional (Cre/loxP system) KO of post-natal forebrain neuronal A, receptors.
The CamKIIla promoter was used to drive expression of the cre recombinase gene in
postnatal forebrain neurons, and thus to cause selective depletion of striatal neuron
Aja receptors following brain development. We recently published (Bastia et al,
2005'"") evidence of successful forebrain-specific recombination by genetic,
autoradiographic and behavioral assessments.

In preliminary experimentes, we found no consistent phenotype of the forebrain
neuron A, receptor (conditional) KO on its own with respect to MPTP toxicity (see
below). This allowed us to ask whether these conditional ‘brain-specific’ Aja
(conditional) KO show a reduction in caffeine’s neuroprotective effect in this PD
model. (See Exp #3 below.)

-13 -
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Exp# 3 — Brain A,,R-dependence of caffeine’s neuroprotective effect.

Leading up to this experiment we found that the complete loss of neuroprotection
by caffeine in global A;AR KO mice establishes the adenosine A,sR as a critical
mediator of caffeine’s neuroprotective effects in this model of Parkinson’s disease.
See Fig. 1. By contrast, caffeine maintains the ability to at least partially protect
against MPTP toxicity in conditional KOs of forebrain neuron AaRs (Fig. 2) and of
astrocyte (Fig. 3) AsaRs. Together the findings suggest that the neuroprotective
actions caffeine in this PD model depend at least partially on A;sRs other than those
located on forebrain (striatal and cortical) neurons and on astrocytes.

Fig. 1. Caffeine attenuated MPTP-induced

striatal dopamine loss in WT and HZ, but
not global A,,R KO male mice.

Striatal dopamine (% of S+S)

N=3 for saline treatments and n=6-9 for MPTP treatments. S, saline; M, MPTP
(35 mg/kg ip single injection); C, Caffeine (25 mg/kg ip 10min before MPTP).
*p<0.05, ***p<0.001 compared with respective S+M group.

_14-
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Fig 2. A. Caffeine’s attenuation of MPTP-induced
striatal dopamine loss is at least partially independent
of forebrain neuronal A,,Rs.

First Experiment Second Experiment

140
120

100
80
60
40
2

Striatal dopamine
(% of S+S in Cre-)

CaMKlla Cre CaMKIla Cret CaMKlla Cre CaMKlla Cret
fosipox A, Hothox Ay fostpox Ay fostox

Hr_J

Combine first and second experiments

A

Striatal dopamine
(% of S+Sin Cre-)

CaMKIla Cre A, floflex CaMKIla Cre* A, floxlflox

N=3-4 for saline treatments and n=3-13 for MPTP treatments in either first or second
experiment. *p<0.05, ***p<0.001 compared with respective S+M group.

B. Locomotion after caffeine injection is significantly
reduced in forebrain neuron A,,R c¢KO (CaMKIla
Cre* A, /"f1ox) than that in control (CaMKIlc Cre
A, /1/10x) male mice, while locomotions after saline
injections are similar in A,,R ¢KO and control mice.

250 - —a— Caffeine-No Cre
—o— Caffeine-Cre

Injection

Ambulation

oI TECh e R
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T LN SO S

10 13 16 19 22 25 28 31 34 37 40
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N=8 for each group. The dose of caffeine is 25 mg/kg.

-15-
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Fig. 3A. Caffeine attenuated MPTP-induced
striatal dopamine loss in control (GFAP Cre
A, ") and astrocyte-directed A,,R ¢cKO
(GFAP Cre* A, /%) mice.
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N=6-7 for saline treatments and n=22-39 for MPTP treatments. **p<0.01,
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Methods (for Figs. 1-3)

Animals Global A,,R KO mice were generated using a standard
displacement target vector. Postnatal forebrain neuron- and astrocyte-directed
A,, cKO mice were generated using the Cre-loxP system based on the
specificities of CaMKIIo and GFAP gene promoters, respectively. Tissue-
specific disruption of the A,,R was confirmed by PCR and western blot.
Congenic (N10, C57B1/6 background) global A,,R KO, wide-type (WT) and
heterozygous (HZ) mice, and near congenic (N6, C57B1/6) A,,"*"°* mice
(i.e., homozygous for the floxed allele of the A,,R gene) with or without a cre
transgene were used for this study. A cre transgene was introduced by cross-
breeding to either a CaMKIIo-cre or GFAP-cre lines.

MPTP-induced dopaminergic neurotoxicity. Caffeine (25 mg/kg) or saline
were injected intraperitoneally (ip) 10 minutes before MPTP-HCI treatment
(35 mg/kg ip single injection). One week after MPTP treatment, the striata

were dissected and analyzed for dopamine content using standard reverse-
phase HPLC with electrochemical detection. Dopamine content was
calculated as pmol/mg of tissue and values are presented within the figures as
percent change from respective Saline-Saline treated controls.

Caffeine-stimulated locomotion. Mice were habituated in the testing cages
and basal spontaneous locomotion was recorded for at least 180 min. Then
locomotor behavior was monitored for another 240 min after caffeine (25
mg/kg ip) or saline injection. Locomotion (Ambulation) was scored as the
number of adjacent photobeam breaks.

Statistical analyses. The data from striatal dopamine content as well as
caffeine-stimulated locomotion were analyzed by two-way ANOVA. Post-

hoc comparisons were performed using Bonferroni test. Data values in the
figures represent group mean + SEM.
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Specific Aim #2 — to localize the region within brain through which caffeine or A,,
receptor inactivation produces its neuroprotective effect in the MPTP model of PD. (~576
mice)

[Please see abstract publications in Appendices B and C.]

Hypothesis 2: Caffeine perfusion and focal A,, receptors inactivation within
striatum (but not frontal cortex) are sufficient to attenuate MPTP toxicity, by
reducing toxin-induced striatal release of glutamate and/or GABA.

Exp# 4 — Effect of intracerebral caffeine perfusion on MPTP-induced neuro-
transmitter overflow and toxicity:

In preparation for this experiment with local administration of caffeine, we are
continuing to characterize (using microdialysis) MPTP-induced neurotransmitter
overflow in the striatum and its modulation by systemic caffeine.

Exp# 5 — Effect of intracerebral infusion of Cre-expressing adeno-associated virus
(AAV-Cre) on MPTP-induced toxicity in floxed A,,R mice: Homozygous
floxed A,,R mice that previously received a stereotactic infusion of AAV-Cre or
AAV-green fluorescent protein (AAV-GFP) into the striatum (or frontal cortex or
substantia nigra) will be acutely exposed to systemic MPTP. One week later
infusion needle track will be localized histochemically, while dopaminergic
neuron integrity will be visualized by striatal DAT binding and nigral TH-IR
counts will be assessed as in Exp #4.

During Year 2 we have made further progress toward this experiment in
characterizing the viral Cre/loxP conditional KO method that was adopted in Year 1.
We have demonstrated that the resulting unilateral local recombination and disruption
of the A,, gene, and in turn the elimination of striatal A,, receptors are dose-(titer-
)dependent and occur sequentially. Working with several serotypes of AAV-cre and
AAV-GFP (provided through a collaboration with Dr. Miguel Esteves), Dr. Augusta
Pisanu has now demonstrated that:

» Using this AAV-Cre/loxP system we were able to obtain a conditional KO
of the A,,R in the striatum of adult mice. Whereas the Cre expression
was detectable within 8 days after injection (Fig. 5B), the A,,R-IR loss
was not evident until the 16" day (Fig. 5D), presumably due to the
stability of the already expressed receptors, and reached a maximum
level by the 32" day post injection. (Figs. 4 and 5D.)

» This viral cre-based Cre/loxP conditional KO of the A,,R was also a titer-
dependent phenomenon since an increasing viral titer produces a greater
the number of infected cells and further reductions in A,,R-IR. (Figs. 4
and 5A and C.)

~18 -



W81XWH-04-1-0881 Final Report

» The viral vector titer not only determines the intensity of A,,R KO, but
also the spatial extent of the infection, and consequently the A,,R loss
(Fig. 4), suggesting that the virus particles may diffuse through the brain
parenchyma until they find a “free” binding site that stops their diffusion
and let them into a host cell. Is it important to consider whether an
excessive viral concentration could produce an over-expression of Cre,
which is capable of inducing cell toxicity (as detected in the center of the
infected area in some mice infected with the highest AAV-cre titer, data
not shown).

» In this model, the AAV-Cre/loxP conditional KO system provides a
temporally and spatially controlled method to precisely eliminate A, R
in discrete brain regions providing additional advantages in exploring the
neurobiology of adenosine receptors and their pathophysiology in
models of CNS disease.

Fig. 4

Cre ) &

AAVl-cre AAVl-cre
1013 gc/ml 104 gc/ml

This methodological advance will allow us to dissect A,, receptor involvement in
neurotoxin models of PD with an unprecedented combination of anatomical and
molecular precision. We are now initiating the MPTP studies in these mice lacking
A,, receptors in discrete brain regions.
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Methods for Figs. 4 and 5

Mice with a floxed A,,R gene were generated by insertion of loxP sequences
within the introns flanking the exon 2 of the A,,R gene (YJ Day and J linden,
unpublished results). Homozygous adult male mice were anesthetized with an 1i.p.
injection of Avertin and positioned in a stereotaxic frame for injection into the left
striatum (AP: +0.7; ML: +2; DV: -2.8) of 1 ul of AAVl1-cre (9.3x10", 1x10" or
1x10"* gc/ml) at a rate of 0.1 ul/min by using a 30 gauge needle connected to a
50u1 Hamilton syringe driven by a microinfusion pump.

After 8, 16 or 32 days mice were anesthetized and intracardially perfused 10
ml of ice-cold saline followed by 50 ml of 4% paraphormaldehyde in 0.1 M
phosphate buffer. After perfusion brains were removed and incubated overnight in
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the same fixative than cryoprotected by incubation in phosphate buffered 30%
sucrose. Serial 25 pm-thick coronal sections were cut on a freezing microtome and
collected in 50 mM Tris buffer. Adjacent sections starting from the rostral part of
the striatum were collected for immunohistochemical staining for Cre recombinase
(1:2000 Novagen anti-Cre rabbit polyclonal antibody) and A,,R (1:200 Santa Cruz
anti A2AR goat polyclonal antibody). Donkey anti-species antibodies conjugated to
biotin, Vectastain ABC Kit and fast DAB Kit were used for detecting primary
antibodies. Immunostainig controls were done without the primary antibody.
Quantification of Cre and A2aR-immunoreactivity (IR) was performed every sixth
section at 10X and 40X magnification. Statistical analysis was performed by
Oneway ANOVA followed by a Tukey post hoc analysis of means difference
between groups.

Specific Aim #3 — to investigate caffeine-estrogen interactions in the MPTP model of PD
by determining the effect estrogen replacement on the neuroprotective phenotype of A2a
KO mice, and exploring potential peripheral and CNS mechanisms contributing to
caffeine’s reduced neuroprotective efficacy in the presence of estrogen.

[Please see Appendix N.]

With support from this award we have now published our studies of estrogen-
caffeine interaction in the MPTP model of Parkinson’s disease, as detailed in the
attached final manuscript (Appendix A). Our results demonstrate that estrogen reduces
caffeine’s neuroprotective effect against MPTP toxicity in both male and female mice.
In the context of human epidemiology on PD, our findings suggest a biological basis
for the interaction between estrogen and caffeine in modifying the risk of PD.
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Body of the Report: from Yr 3 Annual Report

Progress during Year 3 on Specific Aims and experiments as laid out in our Statement of
Work (SOW [in blue]) is described here in detail.

STATEMENT OF WORK (focus on main areas of progress in Yr 3)

Specific Aim #1 — to definitively determine whether brain A,,Rs or A;Rs contribute to
dopaminergic neuron degeneration in acute and chronic toxin models of PD, and whether
the brain A,,R is required for caffeine’s protective effect in these PD models.

[Please see Appendix R.]

Hypothesis 1: Caffeine acts through blockade of brain A,, (not A,) receptors to
protect dopaminergic neurons in both acute (MPTP) and chronic
(paraquat/maneb) toxin models of PD.

Exp# 2 — Effect of brain-specific A,, KO in MPTP and Pq/Mb models.

As reported for Year 1, we completed the generation and initial characterization
of a conditional (Cre/loxP system) KO of post-natal forebrain neuronal A, receptors.
The CamKIIla promoter was used to drive expression of the cre recombinase gene in
postnatal forebrain neurons, and thus to cause selective depletion of striatal neuron
Ayp receptors following brain development. We published (Bastia et al, 2005'%)
evidence of successful forebrain-specific recombination by genetic, autoradiographic
and behavioral assessments. We reported that during project Yr 2 that we found no
consistent phenotype of the forebrain neuron A, receptor conditional KO (cKO) with
respect to acute MPTP toxicity (see below).

In contrast, during Yr 3 we have Fig. 1  — -wr-saiine B Aza KO - saline
found  substantial attenuation  of =3 ~WT - MPTP I A2A cKO - MPTP
dopaminergic neuron injury in the 107
forebrain neuron Ay cKO mice in a
more subacute toxin exposure (multiple
smaller doses of MPTP administered
over days) — potentially of greater
pathophysiological relevance than the
the acute/single high dose MPTP
paradigm. In experiments conducted in n
collaboration with the laboratory of
Prof. Micaela Morelli of the Univ. of
Cagliari we found (Fig. 1) that the loss
of doapminergic (TH-IR) nigral neurons
and the accompanying astrogliosis
(GFAP-IR cell increase) was completely
absent in littermate forebrain neuron
Asa cKO mice (i.e., mice homozygous
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for the floxed A4 gene and also transgenic for the cre gene.

Exp# 3 — Brain A,,R-dependence of caffeine’s neuroprotective effect.

To explore this possibility in a chronic dual pesticide (paraquat + maneb) model
of PD we first had to determine whether caffeine is protective in this model. C57Bl/6
mice were treated twice weekly with paraquat (Pq) and maneb (Mb) i.p. for 8 weeks.
Ten min prior to each Pq+Mb toxin administration mice were pretreated with caffeine
at 0 (saline vehicle), 5 or 20 mg/kg. Caffeine at the moderate dose of 20 mg/kg
significantly attenuated the pesticide-induced loss of dopaminergic (TH+) nigral
neurons, assessed by rigorous stereological methods. (See Fig. 2A and Appendix X.)
By contrast, caffeine had no effect on TH- (non-TH immunoreactive) nigral cells (Fig.
2B), confirming the neuroprotective effect of caffeine (i.e., by excluding an induction
of TH-immunorectivity in originally TH- cells masking a loss of originally TH+
neurons in the mice pretreated with 20 mg/kg caffeine).
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o 8000 # » 2000
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S Q
@ 6000 5 1500
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;-: =
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In Yr 3 we also initiated a study of the neuroprotective potential of urate, the end
product of adenosine metabolism in humans, the immediate oxidation of xanthine, and
a structural analog of caffeine (ak.a. tri-methyl-xanthine). Urate is also a major
antioxidant and is the main circulating antioxidant in humans in whom it circulates
near the limits of solubility (and hence its pathophysiological role in urate crystal
diseases like gout). Based on its antioxidant and chelating properties we and others
have found urate to be the first molecular predictor of both risk of PD and the rate at
which it progresses. (See Appendices Q and U for furhter background.) We have
provided the first evidence that urate can be neuroprotective in an in vivo model of PD
(see Appendix H) by showing that locally administered (intracerebroventricular) urate
can attenuate the toxicity of systemic MPTP.
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Specific Aim #2 — to localize the region within brain through which caffeine or A,,
receptor inactivation produces its neuroprotective effect in the MPTP model of PD.

[Please see abstract publication in Appendix G.]

Hypothesis 2: Caffeine perfusion and focal A,, receptors inactivation within
striatum (but not frontal cortex) are sufficient to attenuate MPTP toxicity, by
reducing toxin-induced striatal release of glutamate and/or GABA.

Exp# 5 — Effect of intracerebral infusion of Cre-expressing adeno-associated virus
(AAV-Cre) on MPTP-induced toxicity in floxed A,,R mice: Homozygous
floxed A,,R mice that previously received a stereotactic infusion of AAV-Cre or
AAV-green fluorescent protein (AAV-GFP) into the striatum (or frontal cortex or
substantia nigra) will be acutely exposed to systemic MPTP. One week later
infusion needle track will be localized histochemically, while dopaminergic
neuron integrity will be visualized by striatal DAT binding and nigral TH-IR
counts will be assessed as in Exp #4.

As reported in Yr 2 we have characterized the time course and the dose-(titer-)
dependence of unilateral local recombination and subsequent disruption of the A,,
gene in the viral Cre/loxP conditional KO mothod we adopted.

During Yr 3 we have further characterized the phenotype of this A,,R cKO in the
striatum of adult mice by testing the effect of unilateral striatal A,,R loss in turning
behavior and MPTP-induced loss of striatonigral dopaminergic neurons. Working with
AAV2/1-cre and AAV2/1-GFP viruses (provided through a collaboration with Dr.
Miguel Sena-Esteves of our institution), Dr. Augusta Pisanu has now demonstrated
that:

» Using this AAV-Cre/loxP system, a double injection of AAV2/1-cre
(3x10" gc/ml) into the rostral and caudal striatum induces 50% of loss of
A,, striatal receptors in A,,”"* mice (Fig 3). This focal A,,R KO
phenotype was reached 30 days post injection and was still stable until
60 days post injection, although at that time cell toxicity was detected in
the center of the infected area in some mice, probably related to an over-
expression of Cre across time. (To reduce this late cell toxicity, in
collaboration with Dr. Esteves, we are now testing a new and promising
AVYV vector, which delivers the Cre recombinase gene under control of a
weaker promoter with the goal of eliminating toxicity.)
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Fig. 3
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» This degree of unilateral loss of A,,R in mouse striatum is sufficient to
induce a behavioral phenotype. Starting from the 30" day, to assess for
asymmetries in striatal control of movement, turning behaviour was
monitored in unilateral ¢cKO mice (AAV2/1-cre, A,,R™*) and in
control mice (AAV2/1-GFP, A,,R"™"). None of the experimental
groups showed a biased spontaneous turning behaviour. In unilateral
conditional KO mice the A,, antagonist KW-6002 (3 mg/kg, ip; in the
presence of a sub-threshold dose of the dopamine D, antagonist
haloperidol) induced ipsilateral turning, and amphetamine (2.5 mg/kg i.p.
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on its own) induced contralateral turning relative to that in the control
animals (Fig. 4).

Fig. 4
g Spontaneous KW6002 Haloperidol + KW6002 Amphetamine
turning (3mglkg i.p.) (0.2mg/kg ip. +3mg/kgip.) (2.5mg/kgip.)
100-.(‘.Qn11:alat.e1:al 100—CSontralateral 100--QQD1L§|31E[§.|_ 100+
504 504 N 50+
5 5 5 5
°
g Els! £ g 5 o
g WHE | £ g £
=] = =1 =
50 = 504 50
100 = 100 o 100: 100 e
ipsilateral ipsilateral ipsilateral ipsilateral

>

» AAV2/1-cre injection into the striatum of A, R™"* mice confered a
partial but significant neuroprotection against acute MPTP intoxication.
50 days after infection AAV2/1-cre injected mice and their respective
AAV2/1-GFP controls were treated with MPTP or saline (4 times
15mg/kg i.p every 2 hours). Seven days after, the TH immunoreactivity
of sparing projections in the striatum was measured: the AAV2/1-cre,
A, R mice showed a more intense TH staining in the infected side,
compared to the intact one, while in the AAV2/1-GFP, A,,R""* group
no difference was detectable (Figs. S and 6). Further stereological
analysis of sparing neurons in substantia nigra pars compacta is now in
progress, to confirm that focal disruption of A,, receptor in the striatum
is able to confer neuroprotection to dopaminergic neurons in the MPTP
model of PD.

Fig. 5
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Fig. 6
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» This methodological advance will allow us to dissect A,, receptor
involvement in neurotoxin models of PD with an unprecedented
combination of anatomical and molecular precision in different brain
structures.

Methods (for Figs. 3-6)

Mice with a floxed A,,R gene were generated by insertion of loxP sequences
within the introns flanking the exon 2 of the A,,R gene (YJ Day and J linden,
unpublished results). Homozygous adult male mice were anesthetized with an 1i.p.
injection of Avertin and positioned in a stereotaxic frame for double injection into
the left striatum (rostral: AP: +1.2; ML: +1.5; DV: -2.75; caudal: AP: -0.15; ML.:
+2.5; DV: -2.65) of 1 ul of AAV2/1-cre or AAV2/1-GFP (3x10" gc/ml) at a rate
of 0.1 ul/min by using a 30 gauge needle connected to a 501 Hamilton syringe
driven by a microinfusion pump.

After 30 days mice were tested for asymmetries in striatal control of movement
by recording contralateral and ipsilateral turns during the dark phase of their
circadian rhythm, using an automated rotometry system (San Diego Instruments,
San Diego, CA). Each mouse was placed at the center of 1 of 12 opaque glass flat-
bottom bowls (10 cm diameter base, 13 cm high wall, with opening diameter of 26
cm) and connected to the lower end of a customized cable tether by a rubber band
snugly fitted around the chest. The upper end of the cable is attached to a swivel
box, which in turn is linked to a computer interface.

The 50" day the animals were randomly divided in 4 groups and received
MPTP or saline injections (4 time 15mg/kg i.p. MPTP-HCL or saline every 2
hour) and 7 days later they were anesthetized and intracardially perfused with 10
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ml of ice-cold saline followed by 30 ml of 4% paraphormaldehyde in 0.1 M
phosphate buffer. After perfusion brains were removed and incubated overnight in
the same fixative than cryoprotected by incubation in phosphate buffered 30%
sucrose. Serial 25 pm-thick coronal sections were cut on a freezing microtome and
collected in 50 mM Tris buffer. Adjacent sections starting from the rostral part of
the Striatum to the Sunstantia Nigra pars compacta (Snc) were collected for
immunohistochemical staining for Cre recombinase (1:2000 Novagen anti-Cre
rabbit polyclonal antibody) A,,R (1:200 Santa Cruz anti A,,R goat polyclonal
antibody) and Tyrosine Hydroxylase(1:1000 Biomol anti-TH rabbit polyclonal
antibody). Goat or Horse anti-species antibodies conjugated to biotin, Vectastain
ABC Kit and fast DAB Kit were used for detecting primary antibodies.
Immunostainig controls were done without the primary antibody. Quantification of
Cre and A2aR-immunoreactivity (IR) was performed every sixth section at 4X
magnification by measuring the extent of the immunopositive or immunonegative
area in the Striatum. TH-immunoreactivity was quantified every 12 sections at 4X
magnification by measuring the Optical Density (OD) of the striatal area, corrected
by the OD of overlying cortex. as background. Statistical analysis was performed
by Oneway ANOVA followed by a Tukey post hoc analysis of means difference
between groups.Student’s t test was used for the remaining statistical analyses. A
value of p 0.05 was considered to be significant.

Specific Aim #3 — to investigate caffeine-estrogen interactions in the MPTP model of PD
by determining the effect estrogen replacement on the neuroprotective phenotype of A2a
KO mice, and exploring potential peripheral and CNS mechanisms contributing to
caffeine’s reduced neuroprotective efficacy in the presence of estrogen.

[Please see publication in Appendix O, a translational neuroscience review focused
on developing neuroprotective therapeutics for PD, with caffeine and estrogen
included in the context of broader strategies.]

With support from this award we have now fully completed and published our
studies of estrogen-caffeine interaction in the MPTP model of Parkinson’s disease, as
detailed in our Yr 2 progress reported. Our results demonstrate that estrogen reduces
caffeine’s neuroprotective effect against MPTP toxicity in both male and female mice.
In the context of human epidemiology on PD, our findings suggest a biological basis
for the interaction between estrogen and caffeine in modifying the risk of PD.
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Body of the Report: from Yr 4 Annual Report

Progress during Year 4 on Specific Aims and experiments as laid out in our original Statement
of Work (SOW [in blue]) is described here in detail.

STATEMENT OF WORK (focus on main areas of progress in Yr 4)

Specific Aim #1 — to definitively determine whether brain A,,Rs or A Rs contribute to

dopaminergic neuron degeneration in acute and chronic toxin models of PD, and whether
the brain A,,R is required for caffeine’s protective effect in these PD models.

[Please see manuscript and abstract publication in Appendices I and X.]

Completion of work demonstrating that the non-specific adenosine antagonist
caffeine can in fact confer neuroprotection in a chonic dual pesticide toxin model
of PD. Pretreatment with caffeine attenuated loss of nigral dopaminergic neurons
in mice chronically exposed (twice weekly for two months) to paraquat plus
maneb. Rigorous stereological assessments were made of tyrosine hydroxylase-
immunoreactive cells to determine total dopaminergic neuron counts of the
substantia nigra. A manuscript reporting these findings has now been submitted
for publications (Appendix X).

In Year 4 we have also investigated and preliminarily reported (Appendix I) how
depletion of adenonsine A,, receptors (in A,, knockout mice) may mimic the
neuroportective effect of caffeine in a chronic mouse model of PD. Here we used
an lifelong exposure to an ‘endogenous toxin’ of transgenically expressed mutant
human a—synuclein (Aw-aSYN). Mutations in the human a—synuclein gene (A53T
and A30P) have been associated with autosomal dominant familial PD.
Transgenic mice expressing a human o —synuclein gene with both of these
mutations have been shown to develop age-related reductions in dopaminergic
nigral neuron numbers, striatal dopamine (DA) and motor activity.

We investigated whether deletion of the A,, receptor (in A,,[-/-] mice)
would afford protection against the age-related spontaneous reduction of striatal
dopamine in the double-mutant humana -synuclein (hm’*-a.SYN) mice.
Heterozygous A,,[+/-] mice were mated with A,,[+/-] mice that were also
transgenic for the wild-type (hw-aSYN) or hm’-aSYN form of the human
synuclein gene under control of a 9-kb rat tyrosine hydroxylase promoter — all in a
congenic C57Bl/6 background. Offspring were sacrificed at 20-24 months of age
and striatal DA and metabolites were measured by HPLC-ECD. As expected in
the presence of a functional A,, receptor, DA content was significantly lower (by
35%) in hm*-aSYN mice compared to either hw-aSYN or non-transgenic (NT)
mice. By contrast, in A,,[-/-] mice (lacking functional A,, receptor) the hm*-
aSYN transgene did not reduce striatal DA levels compared to either control.
Data for the dopamine metabolite DOPAC showed a similar trend, as did
dopamine data when split out by gender. Stereological nigral TH-IR cell counts
are in progress. Thus the A,, receptor appears to be required for neurotoxicity in
an a—synuclein mouse model of PD, supporting the neuroprotective potential of
caffeine and more specific A,, antagonists in the chronic dopaminergic neuron
degeneration that characterizes PD.
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Specific Aim #2 — to localize the region within brain through which caffeine or A,,
receptor inactivation produces its neuroprotective effect in the MPTP model of PD.

[Please see abstract publication in Appendix J.]

Hypothesis 2: Caffeine perfusion and focal A,, receptors inactivation within
striatum (but not frontal cortex) are sufficient to attenuate MPTP toxicity, by
reducing toxin-induced striatal release of glutamate and/or GABA.

Exp# 5 — Effect of intracerebral infusion of Cre-expressing adeno-associated virus
(AAV-Cre) on MPTP-induced toxicity in floxed A,,R mice: Homozygous
floxed A,,R mice that previously received a stereotactic infusion of AAV-Cre or
AAV-green fluorescent protein (AAV-GFP) into the striatum (or frontal cortex or
substantia nigra) will be acutely exposed to systemic MPTP...

Progress in Year 4 has been focused on working through technical limitations of
potential AAV toxicity confounding interpretation of the hypothesized protective
effect conferred by the Cre-medicated recombination event produced by viral
expression of cre in the striatum. As reported in Year 3 (see Progress Report Yr 3),
using the AAV-Cre/loxP system, with a double injection of AAV2/1-cre (3x10"
gc/ml), in the rostral and caudal striatum respectively, we demonstrated the induction
of a 50% loss of A,, striatal receptors in A, mice. This focal A,,R KO was still
stable until 60 days post injection and was sufficient to induce a behavioral phenotype
and to confer partial but significant neuroprotection against acute MPTP intoxication
(see Appendix J). On the other hand at that time (60 days post injection) cell toxicity
was detected in the center of the infected area in some mice, probably related to an
over-expression of Cre recombinase across time. To reduce this late cell toxicity in
collaboration with Dr. Miguel Sena-Esteves at our institution, we tested a promising
alternative AVV vector, which delivers the Cre recombinase under control of a weaker
promoter: the rat synapsin 1 promoter, that should confer a higher neuronal specificity
for the infection and reduce the amount of Cre expressed in every single cell (and, we
reasoned, should reduce the toxicity accordingly).

Although AAV2/1-synl-cre (1x10" gc/ml and 6x10" gc/ml) injection in the
striatum of A, ,R™""* mice did not induce a Cre expression detectable with THC
techniques (as we expected because of the weaker promoter), it did not induce
appreciable loss of A,,R-IR loss in the brain tissue surrounding the injection area.
Nevertheless, a further analysis of the targeted neurons revealed also a loss of
DARPP-32-IR (a marker for srtiatal neurons, which express high levels of this
protein) in the same area. Thus, it appears attempt to obviate this technical limitation
was not successful, and we have returned to the successful original promoter AAV
construct and will pursue alternative strategies to minimize it’s long-term toxicity.
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Detailed method: Mice with a floxed A,,R gene were generated by
insertion of loxP sequences within the introns flanking the exon 2
of the A,,R gene (YJ Day and J linden, unpublished results).
Homozygous adult male mice were anesthetized with an i.p.
injection of Avertin and positioned in a stereotaxic frame for
double injection into the left striatum (rostral: AP: +1.2; ML: +1.5;
DV: -2.75; caudal: AP: -0.15; ML: +2.5; DV: -2.65) of 1 ul of
AAV?2/1synl-cre (1x10" and 6x10" gc/ml) at a rate of 0.1 pxl/min
by using a 30 gauge needle connected to a 50x1 Hamilton syringe
driven by a microinfusion pump.

After 16, 30 and 60 mice were anesthetized and intracardially
perfused with 10 ml of ice-cold saline followed by 30 ml of 4%
paraphormaldehyde in 0.1 M phosphate buffer. After perfusion
brains were removed and incubated overnight in the same fixative
than cryoprotected by incubation in phosphate buffered 30%
sucrose. Serial 35 ym-thick coronal sections were cut on a freezing
microtome and collected in 50 mM Tris buffer. Adjacent sections
starting from the rostral part of the Striatum to the Sunstantia Nigra
pars compacta (Snc) were collected for immunohistochemical
staining for Cre recombinase (1:2000 Novagen anti-Cre rabbit
polyclonal antibody) A,,R (1:200 Santa Cruz anti A,,R goat
polyclonal antibody) and DARPP-32 (1:1000 Cell Signaling anti-
DARPP-32 rabbit polyclonal antibody). Goat or Horse anti-species
antibodies conjugated to biotin, Vectastain ABC Kit and fast DAB
Kit were used for detecting primary antibodies. Immunostainig
controls were done without the primary antibody. Quantification of
Cre, A2aR and DARPP32-immunoreactivity (IR) was performed
every sixth section at 4X magnification by measuring the extent of
the immunopositive or immunonegative area in the striatum.
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Body of the Report: from Yr 5 Annual Report

Progress during Year 5 on Specific Aims and experiments as laid out in our approved
modification of the Statement of Work (SOW [in blue]) is described here in detail.

STATEMENT OF WORK (focus on main areas of progress in Yr 5)

Specific Aim M1: to definitively determine whether brain A;aRs (from either forebrain
neurons or astrocytes) are required for caffeine’s protective effect in chronic pesticides
model of PD.

[Please see manuscript and abstract publication in Appendix K.]

* We have obtained and now published (Appendix K) evidence that forebrain A,,
receptors are in fact required for dopaminergic neuron toxicity in a chronic toxin
model of PD. Working with collaborators at the University of Cagliari we have
compared the dopaminergic neuron toxicity produced by repeated daily
administration of MPTP toxin in mice in which the adenosine A,, receptor is
conditionally ‘knocked out’ (cKO) of postnatal forebrain (striatal and cortical)
neurons, compared to their control littermates with normal A,, receptor
expression. The findings attenuated toxicity and inflammation support the
possibility that specific adenosine A,, receptors -- currently in clinical (phase
II/III) development as symptomatic therapy for later stage PD patients -- may
have disease-modifying (neuroprotective) benefits if admininistered in earlier in
the course of PD.

Using the same Cre/loxP cKO system, we similarly compared the toxicity
produced by repeated daily administration of MPTP toxin in mice in which the
adenosine A,, receptor is conditionally ‘knocked out’ of astrocytes compared to
their control littermates with normal A,, receptor expression. The finding that
these astrocytic A,, receptor cKO mice were not protected as observed in the
neuronal A,, cKO, suggest neuronal A,, receptors could fully account for the
hypothesized benefits of A,, antagonists against neurodegeneration in PD. The
astrocyte A,, cKO data were removed from the final published manuscript
pending a more complete validation of this cKO reagent (e.g., showning specific
delepletion of A2A receptors from astrocytes in this line, given that our findings
with this line showed no phenotype in this PD model).

* Alsoin Year 5, and in pursuit of the original SA #1, we have completed studies
(see our submitted manuscript in Appendix T) in the double adenosine A, and A,,
receptor KO mice we developed under this project, in which the the individual
and combined roles of these receptors have been probed in a mouse model of
levodopa-induced dyskinesia (LID) in PD. Because the model entails a unilateral
lesion to dopaminergic nigrostriatal projection using the locally (intrastrially)
applied neurotoxin 6-hydroxydopamine, an important determination was the
extent of the lesion (assessed as the amount of striatal dopamine loss relative to
the contralateral unlesioned striatum) in the presence or absene of either or both
of these adenosine receptors. We report that using this toxin neither the single or
double KOs altered the lesion. The demonstration that the receptors were not
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playing a critical role in this form of dopaminergic neuron injury, allowed for the
main interpretations of this experiment to focus on the role of the A, and A,,
receptors in LID. Surprisingly, we found that the A, as well as the A,, receptor
was required for the full development of LID in this mouse model of PD. This
finding prompted to assess the effect of caffeine, a non-specific adenosine (mixed
A,-A,,) receptor antagonist, and we found that like the A,-A,, double KO, the
mixed A,-A,, antagonist also reduced LID. The result suggests that early
adjunctive use of adenosine antagonists (including caffeine) with levodopa, could
help prevent the development of disabling LID in patients with PD.

* Also in Year 5 we have further investigated and preliminarily reported how
depletion of adenosine A,, receptors (in A,, knockout mice) may mimic the
neuroprotective effect of caffeine in another chronic (genetic) mouse model of
PD. Here we used a lifelong exposure to an ‘endogenous toxin’ of transgenically
expressed mutant human o —synuclein (hAw-aSYN). Mutations in the human a—
synuclein gene (AS3T and A30P) have been associated with autosomal dominant
familial PD. Transgenic mice expressing a human a—synuclein gene with both of
these mutations have been shown to develop age-related reductions in
dopaminergic nigral neuron numbers, striatal dopamine (DA) and motor activity.

We investigated whether deletion of the A,, receptor (in A,,[-/-] mice)
would afford protection against the age-related spontaneous reduction of striatal
dopamine in the double-mutant humana -synuclein (hm’*-a.SYN) mice.
Heterozygous A,,[+/-] mice were mated with A,,[+/-] mice that were also
transgenic for the wild-type (Aw-aSYN) or hm’-aSYN form of the human
synuclein gene under control of a 9-kb rat tyrosine hydroxylase promoter — all in a
congenic C57Bl/6 background. Offspring were sacrificed at 20-24 months of age
and striatal DA and metabolites were measured by HPLC-ECD. As expected in
the presence of a functional A,, receptor, DA content was significantly lower (by
35%) in hm*-aSYN mice compared to either hw-aSYN or non-transgenic (NT)
mice. By contrast, in A,,[-/-] mice (lacking functional A,, receptor) the hm*-
aSYN transgene did not reduce striatal DA levels compared to either control.
Data for the dopamine metabolite DOPAC showed a similar trend, as did
dopamine data when split out by gender.

In Yr 5, we completed stereological nigral TH-IR cell counts clearly
corroborating/confirming our observations with DA content above. Thus the A,,
receptor appears to be required for neurotoxicity in an o.—synuclein mouse model
of PD, supporting the neuroprotective potential of caffeine and more specific A,,
antagonists in the chronic dopaminergic neuron degeneration that characterizes
PD.

Specific Aim M2: to determine whether focal depletion of adenosine A,a receptor in
substantia nigra or striatum is sufficient to attenuate dopaminergic neuron toxicity.

Effect of intracerebral infusion of Cre-expressing adeno-associated virus (AAV-
Cre) on MPTP-induced toxicity in floxed A,,R mice: Homozygous floxed
A, R mice that previously received a stereotactic infusion of AAV-Cre or AAV-
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green fluorescent protein (AAV-GFP) into the striatum (or frontal cortex or
substantia nigra) will be acutely exposed to systemic MPTP...

Activity in Year 5 on SA M2 has primarily been in the expansion of our line of
floxed A,, mice which is necessary to conduct the virally mediated focal eliminations
of A,, receptors as planned. A period of reduced fertility/low offspring yields slowed
the expansion. However after increasing the numbers of breeding pairs, the colony
size has increased substantially in late 2009, with virally targeted Cre/loxP cKOs of
A,, receptors in different brain regions now scheduled for January 2010. Other
activity on the project in Year 5 has been the adoption in our laboratory of several
measures of oxidative damage (nitrotyrosine and 4-hydroxy-2-nonenal [HNE],
measure by immunohistochemistry or Western blotting) to be assessed in parallel with
measures of dopanergic neuron injury and loss.

Also in Year 5 with this support of this award our laboratory has demonstrated that CSF
levels of urate — a major antioxidant as well as the end product of adenosine metabolism
in humans — along with those in serum are predictive clinical progression in patients with
typical early PD, with publication of the work (Appendix Q) seen as a major advance in
PD research. These findings have helped accelerate development of a clinical trial
(http://clinicaltrials.gov/ct2/show/NCT00833690) of inosine (deamination product of adenosine
and precursor of urate) to test its safety as a means to elevate urate in PD

(http://www .michaeljfox.org/newsEvents_mjffInTheNews_pressReleases_article.cfm?ID=244).

Body of the Report: for Yr 6

Progress during Year 6 on Specific Aims and experiments as laid out in our approved
modification of the Statement of Work (SOW [in blue]) is described here in detail.

STATEMENT OF WORK (focus on main areas of progress in Yr 6)

Specific Aim #1 — to definitively determine whether brain A;aRs or A;Rs contribute to
dopaminergic neuron degeneration in acute and chronic toxin models of PD, and
whether the brain A;aR is required for caffeine’s protective effect in these PD models.

[and]

Specific Aim M1: to definitively determine whether brain A;aRs (from either forebrain
neurons or astrocytes) are required for caffeine’s protective effect in chronic pesticides
model of PD.

* In this final year we completed and published our findings that caffeine protective
effects extended to dopaminergic neuron degeneration in a chronic dual pesticide
(paraquat plus maneb biweekly for months). See Appendix X.

e Similarly we were able to complete assessment and publication of the effects of A,
KO, A,, KO and double A,-A,, KO receptor knockout mouse (developed through
this project) as well as caffeine in a related 6-OHDA toxin model of PD with
superimposed levodopa-induced dyskinesias. See Appendix T.
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* We also completed and published our characterization of the temporal relationship
between exposures to caffeine and MPTP required for neuropotection by the former
against toxicity of the latter. See Appendix W. In the same study we reported that
natural caffeine metabilites (e.g., theophylline) that are also adenosine receptor
antagonists are also neuroprotective in this standard toxin model of PD.

Specific Aim #2 — to localize the region within brain through which caffeine or Aza
receptor inactivation produces its neuroprotective effect in the MPTP model of PD.

[and]

Specific Aim M2: to determine whether focal depletion of adenosine Aja receptor in
substantia nigra or striatum is sufficient to attenuate dopaminergic neuron toxicity.

Effect of intracerebral infusion of Cre-expressing adeno-associated virus (AAV-
Cre) on MPTP-induced toxicity in floxed A;aR mice: Homozygous floxed AzaR
mice that previously received a stereotactic infusion of AAV-Cre or AAV-green
fluorescent protein (AAV-GFP) into the striatum (or frontal cortex or substantia
nigra) will be acutely exposed to systemic MPTP...

* Continued progress was made in Year 6 toward the conditional KO-based localization
of A,, receptors required for neruodegeneration with several dozen additional
unilateral viral infusions into the striatum of ‘floxed’ A,, gene mice treated 6-8 weeks
later with saline or MPTP. The processing and analyses of their brain tissues is
currently under way.

Specific Aim #3 — to investigate caffeine-estrogen interactions in the MPTP model of
PD by determining the effect estrogen replacement on the neuroprotective phenotype of
A2A KO mice, and exploring potential peripheral and CNS mechanisms contributing to
caffeine’s reduced neuroprotective efficacy in the presence of estrogen.

* Having previously completed our caffeine-estrogen interaction studies in the MPTP
model of PD, we were able to pursue related preliminary studies of potential sex
differences in the effects of urate exposure caused by urate oxidase KO in both
MPTP and 6-OHDA models of PD. The results of these studies are currently being
analyzed. They build on human association data reported in Year 5 of this project
and are of relevance to our recently initiated human studies of both women and men
in a randomized control trial of inosine to elevate urate in early PD.

* We also characterized a neurotoxic (excitotoxic) influence within the local neuronal
environment in a PD model, with the demonstration that metabotropic mGlu5
glutamate receptor KO mice are partially protected from the 6-OHDA toxicity. See
Appendix V.
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Key Research Accomplishments (all Years)

Year 1 (from Yr 1 report)

>

We have systematically demonstrated that estrogen can prevent caffeine’s
neuroprotective effect against dopaminergic neuron injury in the MPTP mosue
model of Parkinson’s disease (PD).

In so doing, we have provided a biological basis for the consistent
epidemiological finding that caffeine is associated with a reduced risk of PD in
men and in women who have not had estrogen replacement therapy, but not in
women who have had estrogen replacement therapy.

We have demonstrated for the first time the use of virally delivered cre gene (via
an AAV1-cre vector) that can discreetly eliminate the A2a receptor in brain. This
powerful Cre-loxP methodology will allow us to dissect -- with exceptional
molecular and anatomical precision -- the role of the adenosine Aza receptor in
caffeine’s influence on dopaminergic neuron injury in neurotoxin models of PD.

We have established and expanded a novel double Ai-A2a double receptor
knockout (KO) in preparation for experiments that can gauge the relative roles of
the two major brain adenosine receptors in toxin models of PD.

Year 2 (from Yr 2 report)

>

Confirmation of adenosine A,, receptor requirement for caffeine’s
neuroprotective effect in the MPTP model of neurodegeneration in Parkinson’s
disease.

Demonstration that these receptors on forebrain neurons or astrocytes do not fully
account for caffeine’s neuroprotective action against MPTP toxicity, suggesting
surprisingly that other neurons or glial cells are the source of the A,, receptors
through which caffeine is acting.

Characterization of a powerful Cre-loxP conditional knockout methodology that
will allow us to dissect -- with exceptional molecular and anatomical precision --
the role of the adenosine Aza receptor in caffeine’s influence on dopaminergic
neuron injury in neurotoxin models of PD

Publication of our systematic demonstration that estrogen can prevent caffeine’s
neuroprotective effect against dopaminergic neuron injury in the MPTP mosue
model of Parkinson’s disease (PD). In so doing, we have provided a biological
basis for the consistent epidemiological finding that caffeine is associated with a
reduced risk of PD in men and in women who have not had estrogen replacement
therapy, but not in women who have had estrogen replacement therapy.

Year 3 (from Yr 3 report)

>

Demonstration that neuronal forebrain A,, receptors can play a critical role in
dopaminergic neuron injury in the MPTP model of neurodegeneration in
Parkinson’s disease.
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Using a powerful newly Cre/LoxP conditional knockout system, we have
obtained evidence that it is the neuronal forebrain A,, receptors in the striatum
that are responsible for this toxicity. Thus it is through these receptors that
caffeine and more specific antagonists of the adenosine A,, receptor may offer
neuroprotection against the development or progression of PD.

Demonstration for the first time that caffeine’s neuroprotective effect extends to
the dual pesticide — parequat plus maneb — model of PD, a chronic, potentially
more environmentally relevant model of the disease.

Demonstration for the first time that urate can be neuroprotective in an in vivo
model of PD. This finding may have a particularly rapid translational impact as
urate-elevating therapy is now being pursued as potential neuroprotectant for PD
patients.

Methodological advances were achieved with a viral vector-based Cre/LoxP
conditional knockout system. It will allow us to dissect caffeine and A,, receptor
involvement in neurotoxin models of PD with an unprecedented combination of
anatomical and molecular precision in different brain structures.

Year 4 (from Yr 4 report)

>

Completion of work and submission of a report of our demonstration that the non-
specific adenosine antagonist caffeine can in fact confer neuroprotection in a
chonic dual pesticide toxin (parequat plus maneb) model of PD, of potentially
greater environmental relevance than prior toxin models of PD.

Demonstration and communication of a protective effect of A,, receptor depletion
on chronic dopaminergic neuron toxicity induced by transgenic expression of
mutant human alpha-synuclein.

Using a powerful newly Cre/LoxP conditional knockout system, we have
preliminarily reported evidence that neuronal forebrain A,, receptors in the
striatum contribute to this toxicity. Thus it is through these receptors that caffeine
and more specific antagonists of the adenosine A,, receptor may offer
neuroprotection against the development or progression of PD.

Year 5 (from Yr 5 report)

>

Achievement of key components of Aim M1, in demonstrating/publishing that
targeted depletion of forebrain A,, receptors reduces dopaminergic neuron
degeneration in a sub-chronic toxin model of PD. The findings strengthen the
translational rationale for conducting clinical trials with adenosine A,, antagonists
(either caffeine or more specific blockers) as a potential neuroprotective strategy.

Identification and publication that higher CSF levels of the adenosine end product
urate as predictor of favorable outcomes in PD. The findings are being rapidly
translated into a major new clinical trial targeting urate elevation as a novel
neuroprotective strategy in PD.

Completion of preparations to conduct the key experiments under Aim M2 in
which virally delivered cre gene will produce a focal conditional knockout of A,,
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receptors to further localize the mechanism by which A,, antagonists can confer
neuroprotection in PD models.

Year 6

» The discoveries that caffeine metabolites as well as caffeine are neuroprotective,

and that caffeine can precede or follow toxin administration, enhances the
plausibility that typical human exposures to caffeine could have a prolonged
protective influence.

In addition to its well established protective effect in multiple acute intoxication
models of PD, caffeine was found to confer protection in a chronic dual pesitcide
exposure model of PD. The study showed that dopaminergic neurons themselves
were protected and preserved with regular exposure of a moderate dose of
caffeine.

Adenosine A, receptors as well as A,, receptors were shown to be required for the
full development of abnormal dyskinetic responses to repeated levodopa
administration in a toxin-based model of advanced PD. The findings demonstrate
the utility of the dual knockout methodology and have therapeutic implications
for novel strategies to avoid the development of dyskinetic motor complications
of standard levodopa therapy in PD.

Progress was made in establishing genetic methods to manipulate purine
pathways in mice. We further validated a viral cre/loxP system for selectively
disruption the A,, receptor gene in brain, and characterized the neurochemical
phenotype of urate oxidase gene modifications. These tools will facilitate a better
understanding of purine mechanisms and benefits in mouse models of PD.

Reportable Outcomes

Publications with acknowledgements citing W81XWH-04-1-0881/USAMRAA; see
Appendices
Abstracts

Xu K, Xu Y, Brown-Jermyn D, Chen J-F, Ascherio A, Dluzen D, Schwarzschild
MA. Estrogen reduces the neuroprotective effect of caffeine in a mouse model of
Parkinson's disease. Program No. 665.12. 2005 Washington, DC: Society for
Neuroscience. [Abstract; Appendix A]

Pisanu A, Sena-Esteves M, Schwarzschild MA. (2006) AAV-Cre/loxP conditional
KO of adenosine A,, receptors in striatal neurons. Targeting Adenosine A,,

Receptors in Parkinson’s Disease and Other CNS Disorders. Boston May 17-19,
2006 www.A2APD.org P12. [Abstract; Appendix B]

Pisanu A, Sena-Esteves M, Schwarzschild MA. (2006) Conditional knock-out of
striatal adenosine A,, receptors using an adeno-associated virus-Cre/loxP system.

Society for Neuroscience annual meeting, Atlanta. 199.23. [ Abstract; Appendix
Cl
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* XuK, Xu Y-H, Chen J-F, Schwarzschild MA. (2006) The neuroprotection by
caffeine in the MPTP model of Parkinson’s disease is lost in adenosine A,,
knockout mice. Targeting Adenosine A,, Receptors in Parkinson’s Disease and
Other CNS Disorders. Boston May 17-19, 2006 www.A2APD.org P30. [Abstract;
Appendix D]

* XuK, Yu Y-H, Chen J-F, Schwarzschild MA. (2006) Neuroprotection by caffeine
in the MPTP model of Parkinson's disease: the role of adenosine A,, receptor.

Society for Neuroscience annual meeting, Atlanta. 470.17. [ Abstract; Appendix
E]

* Kachroo A, Prasad K, Irizarry MC, Richfield EK, Schwarzschild MA. 2007.
Caffeine protects against combined paraquat and maneb-induced neurotoxicity of
dopaminergic nigral neurons. 2007 Neuroscience Meeting. San Diego, CA:
Society for Neuroscience. Abstract # 265.20/U10. . [Abstract; Appendix F]

* Pisanu A, Sena-Esteves M, Schwarzschild MA. 2007. Behavioural phenotype of
unilateral conditional knockout of striatal adenosine A2A receptors using a viral
Cre/loxP system. 2007 Neuroscience Meeting. San Diego, CA: Society for
Neuroscience. Abstract # 314.7/GGG27. [Abstract; Appendix G]

* Luo W, Schwarzschild MA, Xu K. 2007. Urate attenuates MPTP-induced
dopaminergic neurotoxicity in mice. 2007 Neuroscience Meeting. San Diego, CA:
Society for Neuroscience. Abstract # 797.8/012. [Abstract; Appendix H]

¢ Kachroo A, Richfield EK, Schwarzschild MA. 2008. Adenosine A2A receptor gene
deletion confers protection in a transgenic alpha-synuclein model of Parkinson’s

disease. 2008 Neuroscience Meeting. Washington, DC: Society for Neuroscience.
Abstract # 453.14/CC8. [Abstract; Appendix I]

* Pisanu A, Sena-Esteves M, Schwarzschild MA. 2008. Effect of conditional
knockout of striatal adenosine A2A receptors on MPTP-induced nigrostriatal

toxicity in mice. 2008 Neuroscience Meeting. Washington, DC: Society for
Neuroscience. Abstract # 453.6/BB34. [Abstract; Appendix J]

¢ Kachroo A, Richfield EK, Schwarzschild MA. 2009. Adenosine A2A receptor
gene deletion confers protection of nigral neurons in an alpha-synuclein model of
Parkinson’s disease. 2008 Neuroscience Meeting. Chicago, IL: Society for
Neuroscience. Abstract # 142.5. [Abstract; Appendix K]

* Schwarzschild MA. 2010. Purines and diseases of the basal ganglia. 10" Meeting
of the International Basal Ganglia Society. IBAGS X. Long Branch, NJ: USA.
Abstract # O-43; pg 48. [Abstract; Appendix L]

Journal Publications

* Hauser R, Schwarzschild MA. 2005. Adenosine A2a receptors for Parkinson’s
disease. Drugs and Aging 22:471-482. [Appendix M]
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e XuK,XuY,Brown-Jermyn D, Chen JF, Ascherio A, Dluzen DE, Schwarzschild
MA. (2006) Estrogen prevents neuroprotection by caffeine in the mouse 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine model of Parkinson's disease. J Neurosci.

26:535-541. [Appendix N]

* Schwarzschild MA, Agnati L, Fuxe K, Chen JF, Morelli M. (2006) Targeting
adenosine A,, receptors in Parkinson's disease. Trends Neurosci. 29:647-654.

[Appendix O]

* Hung AY, Schwarzschild MA. 2007. Clinical trials for neuroprotection in
Parkinson's disease: overcoming angst and futility? Curr Opin Neurol. 20:477-
483. [Appendix P]

* Ascherio A, LeWitt PA, Xu K, Eberly S, Watts A, Matson WR, Marras C,
Kieburtz K, Rudolph A, Bogdanov MB, Schwid SR, Tennis M, Tanner CM, Beal
MF, Lang AE, Oakes D, Fahn S, Shoulson I, Schwarzschild MA; Parkinson Study
Group DATATOP Investigators. (2009) Urate as a predictor of the rate of clinical
decline in Parkinson disease. Arch Neurol. 66:1460-1468. [Appendix Q]

* (arta AR, Kachroo A, Schintu N, Xu K, Schwarzschild MA, Wardas J, Morelli
M. (2009) Inactivation of neuronal forebrain A4 receptors protects dopaminergic
neurons in a mouse model of Parkinson's disease. J Neurochem. 111:1478-1489.
[Appendix R]

* McFarland NR, Fan Z, Xu K, Schwarzschild MA, Feany MB, Hyman BT,
McLean PJ. (2009) Alpha-synuclein S129 phosphorylation mutants do not alter

nigrostriatal toxicity in a rat model of Parkinson disease. J Neuropathol Exp
Neurol. 68:515-524. [Appendix S]

* Xiao D, Cassin JJ, Healy B, Burdett TC, Chen JF, Fredholm BB, Schwarzschild
MA. (2010) Deletion of adenosine A; or A,, receptors reduces L-3.4-
dihydroxyphenylalanine-induced dyskinesia in a model of Parkinson's disease.
Brain Res. Sep 6, 2010 [Epub ahead of print] [Appendix T]

*  Morelli M, Carta AR, Kachroo A, Schwarzschild MA. (2010) Pathophysiological
roles for purines: adenosine, caffeine and urate. Prog Brain Res. 183:183-208.
[Appendix U]

* Black YD, Xiao D, Pellegrino D, Kachroo A, Brownell AL, Schwarzschild MA.
(2010) Protective effect of metabotropic glutamate mGluRS receptor elimination

in a 6-hydroxydopamine model of Parkinson's disease. Neurosci Lett. Sep 18,
2010. [Epub ahead of print] [Appendix V]

* XuK, Xu YH, Chen JF, Schwarzschild MA. (2010) Neuroprotection by caffeine:
time course and role of its metabolites in the MPTP model of Parkinson's disease.
Neuroscience. 167:475-481. [Appendix W]

* Kachroo A, Irizarry MC, Schwarzschild MA. (2010) Caffeine protects against
combined paraquat and maneb-induced dopaminergic neuron degeneration. Exp
Neurol. 223:657-661. [Appendix X]
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Presentations (with acknowledgements made to
DoD/USAMRAA/NETRP)

* April 6,2005 — (Austin) University of Texas, SW — grand rounds, “Caffeine,
adenosine receptors and Parkinson’s disease””

* September 7, 2005 — Polish Neuroscience Society; 9/7/05 symposium speaker,
“Caffeine, adenosine A,, receptors and neuroprotection in PD”

* September 16,2005 (New York City) — Michael J. Fox Foundation for
Parkinson’s Research, ”Dyskinesia Summit”

* September 26, 2005 (Philadelphia) Univ. of Penn — Dept of Pharmacology
seminar, “Caffeine, adenosine A,, receptors and Parkinson’s disease”

* January 4, 2006 — (Piscatway) University of New Jersey Medicine & Dentistry —
grand rounds, “Caffeine, adenosine A4 receptors and Parkinson's disease”

e February 25,2006 —World Parkinson Congress — Washington, DC
“Neuroprotective and Anti-dyskinetic Potential of Adenosine A4 Blockers”

* March 27,2006 —American Chemical Society — Atlanta [Co-chair] Symposium:
Current and Future Potential Drug Therapy for Parkinson's Disease; “Progress
on the etiology, modeling and treatment of Parkinson's disease”

*  May 18, 2006 — Targeting Adenosine A,, Receptors in Parkinson’s Disease and
Other CNS Disorders. (Organizer/Co-chair) Boston May 17-19, “A,, in L-dopa
sensitization/dyskinesia models”.

*  October 18, 2006 — Society for Neuroscience — Atlanta (Symposium: Purinergic
Signaling in Neuron-Glia Interactions) “Adenosine A,, Receptors in
Neurodegeneration” {Eweson Lectureship}

e April 5,2007, 5 Annual NIEHS/CCPDER Meeting (Asilomar/Monterey)
“Purines & Parkinson’s: Pursuing environmental exposures linked to reduced
risk” {keynote speaker}.

e June 27, 2007, Parkinson’s Disease and Environment Consensus Conference
(Sunnyvale, CA) “Metabolic Concerns: Serum urate predicts progression of
Parkinson’s disease” {panel presenter}.

e July 15, 2007 — International Brain Research Organization (IBRO) World
Congress of Neuroscience. (Melbourne) Symposium: “Role of adenosine Az4
receptors in noxious brain conditions: effects on neurons, astrocytes or
microglia?” {chair; presenter}.

e 2008 — "PD & Purines: from adenosine to urate" (Biogen-Idec Lecture Series;
Cambridge, MA), {Invited Lecture}
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* 2008 — "Pursuing Parkinson's with Purines" (Univ. of Otawa), University of
Otawa, {Invited Lecture}

* 2008 — Antixodant & Antiinflammatory Strategies in Parkinson's Disease (Royal
Society of Medicine Symposium, London), Cure Parkinson's Trust {Invited
Lecture}

* 2008 — “Purinergic Therapeutics for Parkinson's Disease”; Soochow Univ.,
Suzhou, China, {Invited Lecture}

* 2009 —"Purine Targets in Neurotherapeutics: Adenosine, caffeine & urate in
Parkinson's" (Winter Conference on Brain Research; Copper Mtn, CO) ,
American Federation for Aging Research{ Invited Eweson Lectureship program.}

* 2009 — UPenn Neurology Grand Rounds: "Pursuing Purines in Parkinson's: from
caffeine to adenosine to urate", Univ Penn - Neurology Dept.

* 2010 — "Purine Pieces to the Parkinson's Puzzle" (Mt. Sinai Medical School, NY),
Mt. Sinai Medical School, {Invited Lecture}

* 2010 — "Targeting Purines in Parkinsonis: From Adenosine to Caffeine to Urate"
(Tarragona, Spain), Purines 2010
ntation}

* 2010 -IBAGS X -- "Purines & Basal Ganglia Diseases: Targeting adenosine,
caffeine & urate" (Long Beach, NJ USA), International Basal Ganglia Society.

* 2010 — "Pursuing Purine Therapies in Parkinsonis" (Capital Medical University;
Beijing, China) , Capital Medical University; Xuanwu Hospital. {Invited Lecture}

* 2010 — Soochow University Lecture "Therapeutic Neuroprotectants for
Parkinsonis Disease" (Souzhou, China), Neurology Dept; 2nd Affiliated Hospital
of Soochow University Lecture {Invited Lecture}

¢ 2010 — Faculdade de Medicina de Lisboa Lecture "Urate in Parkinsonis: from
Apes to Antioxidant Trials" (Lisbon, Portugal), Instituto de Medicina Molecular,
Faculdade de Medicina de Lisboa.

* 2010 — World Parkinson Congress "Caffeine, Adenosine & Urate: from Molecular
Epi to Drug Trials " (Glasgow, Scotland/UK), World Parkinson Congress;

Conclusions/Plans

Our progress under this award has strengthened the central hypothesis that Multiple
environmental protectants and toxins interact to influence of the health of the
dopaminergic neurons lost in Parkinson’s disease. In particular, we have explored the
interactions between purines (primarily caffeine and adenosine, and more recently
urate) with estrogen and environmentally relevant toxins in mouse models of PD.
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Mechanistic questions remain over the role of purines in PD (e.g., as to how caffeine
acts on adenosine A,, receptors to protect neurons) and will be the focus of continued
investigation. The results have had a discernable impact on our understanding of PD
pathophysiology and epidemiology, and have helped accelerate clinical applications of
these biological insights. Specifically,

» Our demonstration that caffeine is consistently neuroprotective in both acute toxin
and pesticide models of PD have strengthened the evidence that environmental
factors like caffeine may offer realistic approaches to avoiding or reducing the
risk of PD.

» The discovery that caffeine metabolites (theophylline and paraxanthine) as well as
caffeine are neuroprotective enhances the plausibility that typical human
exposures to caffeine could have a prolonged protective influence sufficient to
account for the inverse epidemiological link between coffee or caffeine
consumption and PD risk.

» With our substantiation of adenosine A,, antagonism as the basis for putative
neuroprtection by caffeine, we have strengthened the evidence that caffeine and
other adenosine A,, antagonists have potential disease-modifying benefits in PD
patients. Of note the project findings support the first disease-modiciation trial
design (large [~1000 subject] early PD cohort; ‘delayed-start’; rasagiline
comparator; long-term [1 yr] follow-up) for an adenosine A,, antagonist. (See
http:/ /clinicaltrials.gov/ct2/show/NCT01155479 ))

» The extension of the inverse caffeine-PD link to a similarly compelling inverse
link between urate — a related purine and antioxidant — and PD progression as well
as risk has major translational significance. It has raised multiple novel
mechanistic hypothesis now being pursued and has also prompted rapid clinical
translation to a trial of urate elevation in PD. See
http:/ /clinicaltrials.gov/ct2/show /NCT00833690 .)

Complete List of all Personnel (all MGH employees '04-10) paid from this award:
* Brown-Jermyn, Deborah
* Chen, Melissa
* Chen, Xiqun
e Cipriani, Sara
* Kachroo, Anil
* Mohsin, Mujaddid
* Pisanu, Augusta
* Schwarzschild, Michael
* Xiao, Danqging
e  Xu, Kui
* Xu, Yuehang
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Estrogen reduces the neuroprotective effect of caffeine in a mouse model
of Parkinson's disease

K.Xul*; Y.Xul; D.Brown—Jermynl;J.F.Chenz; A.Ascherio3; D.E.Dluzen4; M.A.Schwarzschild!

1. MGH-MIND, Charlestown, MA, USA; 2. BU, Boston, MA, USA; 3. HSPH, Boston, MA, USA; 4.
NEOUCOM, Rootstown, OH, USA

Epidemiological studies have linked caffeine consumption with a reduced risk of Parkinson's
disease (PD) in men. Interestingly, in women this inverse association is present only in those
who have not used postmenopausal estrogens, suggesting an interaction between the
influences of estrogen and caffeine use on the risk of PD. To explore a possible biological basis
for an estrogen-caffeine interaction in a mouse model of PD, we investigated the effect of
caffeine on MPTP neurotoxicity, first in young or retired breeder (RB) male and female mice,
then in ovariectomized (OVX) female mice or intact male mice implanted with estrogen or
placebo pellets. Caffeine (0-40 mg/kg ip) was administered 10 min prior to a single MPTP
injection (40 mg/kg ip). One week later striatal dopamine content was determined. 1. Caffeine
treatment produced a dose-dependent attenuation of MPTP-induced striatal dopamine loss in
both young and RB male mice. However, in female mice, only the highest dose of caffeine
provided similar protection. 2. Lower doses of caffeine significantly reduced dopamine loss in
OVX or OVX+placebo mice, but not in sham-operated or OVX + estrogen young female mice.
Moreover, in OVX RB female mice, caffeine treatment, both lower and higher doses,
significantly attenuated MPTP-induced dopamine loss only in placebo, but not in estrogen
treated mice. 3. Caffeine's protection against dopamine depletion in male mice was lost after
estrogen treatment. 4. There is no overall difference in brain levels of caffeine and its
metabolites between OVX+placebo and OVX+estrogen mice. Taken together, these results
demonstrate that estrogen reduces caffeine's neuroprotective effect in both male and female
mice in the MPTP model of PD. They suggest a biological basis for the interaction between
estrogen and caffeine in modifying the risk of PD, and provide a model for exploring further the
mechanism of this interaction.

Support Contributed By: NIEHS,Beeson Program/AFAR & USAMRAA.

Citation: K.Xu, Y.Xu, D.Brown-Jermyn, J.F.Chen, A.Ascherio, D.E.Dluzen, M.A.Schwarzschild.
Estrogen reduces the neuroprotective effect of caffeine in a mouse model of Parkinson's
disease. Program No. 665.12. 2005 Abstract Viewer/Itinerary Planner. Washington, DC: Society
for Neuroscience
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AAV-Cre/loxP conditional KO of adenosine A,, receptors in striatal neurons
Augusta Pisanu*, Miguel Sena-Esteves & Michael A. Schwarzschild

Department of Neurology, Massachusetts General Hospital, Charlestown, MA USA;
*Presenting author (apisanu@partners.org.)

Gene knockout (KO) approaches to receptor function complement traditional pharmacological
methods by complete specificity and inactivation. However, standard KO strategies globally
eliminate the targeted receptor, and thus their use for investigating the role of receptors in the
adult brain can be confounded by developmental or systemic phenotypes. The transgenic Cre/loxP
conditional KO system can achieve partial control over the timing and distribution of receptor
inactivation using a specific promoter to direct cre expression, e.g., to study the effects of the
adenosine Aja receptor (AaR) in postnatal forebrain. To achieve an even higher degree of
precision in eliminating the A;aR from discrete regions on one side of the brain, and in pursuit of
a better understanding of A;4R involvement in neurodegeneration, we adopted an AAV-Cre/loxP
system. Adeno-associated virus (AAV)-Cre vectors were stereotactically infused into homozygous
floxed A:4R adult mice, resulting in a conditional KO of the AR at the site and time of infection.

Working with several serotypes of AAV-Cre and AAV-GFP, injected into the striatum of
floxed A;4R mice, we demonstrated an infection and GFP expression largely restricted to the
targeted striatum for AAV1 serotype (Fig. A) but not AAV1/8 (which produced a widespread
infection extending into the overlying cortex). Focusing on AAV1 serotype we characterized the
titer-dependence and time-course of neuronal Cre expression and AR loss, visualized by IHC (as
in Fig. B). Cre expression was detectable 8 days post-infusion of AAV vectors but the loss of
AxaR was not evident until the 16™ day, reaching a maximum extent at the 3o day post-injection.

Figure: (A) Fluorescence of rostral-> caudal coronal sections stained with a Hoechst 33258 one month
after AAV1-GFP infusion (arrow). (B) Striatal Cre expression and the coincident elimination of striatal
AyaR in a floxed A;4R mouse one month after unilateral intrastriatal injection of AAV1-Cre (arrow).

The AAV-Cre/loxP conditional KO system provides a precise tool with which to explore the
neurobiology of adenosine receptors and their pathophysiology in models of CNS disease.

Funded by DoD WSIXWH-04-1-0881.

To the best of my knowledge and judgment I, the presenting author, report that:
[Please check one.]

M The authors have no financial conflict of interest* in the presentation of this work.
O The authors may have a financial conflict(s) of interest* as I have described on the next page.

i Significant financial conflict of interest is explained under the abstract submission policy (rule #11) and scientific
communication guildelines (section 1.6) of the Society for Neuroscience.
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Program#/Poster#: 199.23/0090

Title: Conditional knock-out of striatal adenosine A2A receptors using an adeno-associated virus-
Cre/loxP system

Location: Georgia World Congress Center: Halls B3-B5

Presentation Sunday, Oct 15, 2006, 10:00 AM -11:00 AM

Start/End Time:

Authors: *A. PISANU, M. SENA-ESTEVES, M. A. SCHWARZSCHILD;

Neurology, Massachusetts General Hospital, Charlestown, MA.

Gene knockout (KO) approaches to the study of receptor function complement traditional pharmacological methods by
providing complete inactivation and specificity. However, standard KO strategies globally eliminate the targeted receptor
starting prenatally, and thus their use for investigating the role of receptors in the adult brain can be confounded by
developmental or systemic phenotypes. The transgenic Cre/loxP conditional KO (cKO) system can achieve partial control
over the timing and distribution of receptor inactivation using a specific promoter to direct Cre recombinase expression
postnatally and/or in a selected cell subtype [e.g. CaMK-Ila driven-cre to study the effects of the adenosine Asp

receptor (AoaR) in postnatal forebrain].
To achieve an even higher degree of precision in eliminating the AopR from discrete regions on one side of the brain,
and in pursuit of a better understanding of AoAR involvement in neurodegeneration, we adopted an AAV-Cre/loxP

system. Adeno-associated virus (AAV)-Cre vectors were stereotactically infused (with an injection volume of 1 pl) into the
left striatum of homozygous floxed AsaR adult mice, resulting in a cKO of the AsaR at the site and time of infection. The

titer-dependence and time-course of neuronal Cre expression and A>aR loss, were characterized and visualized by
immunohistochemistry. Cre expression was detectable 8 days post-infusion of AAV1 serotype vectors but the loss of
AoaR was not evident until the 16t day, reaching a maximum extent at the 32nd day post-injection. The extent of the
infected area depended on the titer of the infused vectors, estimated at 20% of calculated volume of the striatum using a

low titer of 1012 gc/ml and reaching 80% when a higher titer of 1014 gc/ml was infused. In this model, the AAV-Cre/loxP
cKO system provides a temporally and spatially controlled method to precisely eliminate A>AR in discrete brain regions

providing additional advantages in exploring the neurobiology of adenosine receptors and their pathophysiology in
models of CNS disease.

Disclosures: A. Pisanu , None; M. Sena-Esteves, None; M.A. Schwarzschild, None.
Support: DoD W81 XWH-04-1-0881
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The neuroprotection by caffeine in the MPTP model of Parkinson’s disease is lost in
adenosine A4 knockout mice.

Kui Xu'*, Yue-Hang Xu',J iang-Fan Chenz, Michael A. Schwarzschild'

1. MassGeneral Institute for Neurodegenerative Disease, Charlestown, MA, USA. 2. Boston
University, Boston, MA, USA. *Presenting author (xu@helix.mgh.harvard.edu)

Background: Prospective epidemiological studies have raised the possibility of caffeine conferring
protection against Parkinson's disease. This hypothesis is strengthened by our previous findings that
caffeine attenuates MPTP-induced dopaminergic neurotoxicity in mice. Moreover, antagonists of
the A, subtype of adenosine receptor (AaR), but not of the AR, provided similar protection. To
further investigate the dependence upon and location of the A;4R in caffeine’s neuroprotection, we
examined the effect of caffeine on MPTP neurotoxicity in standard (global) A;sR knockout (Aja
KO) mice as well as tissue-specific (conditional) A, KO mice.

Methods: Postnatal forebrain neuron-specific and astrocyte-directed conditional Az4 KO mice were
generated by using the Cre-/oxP system based on the specificity of CamKIlla and GFAP gene
promoters, respectively. Tissue-specific disruption of the AR was confirmed by PCR and western
blot. Locomotion, scored as the number of adjacent photobeam breaks (4Ambulation), was
determined 3 hr before and 3 hr after caffeine/saline injection in wide-type and knockout mice. In
neuroprotection experiment, caffeine or saline were administered 10 minutes before MPTP
treatment (40 mg/kg ip single injection). One week later, striatal dopamine content was determined
by HPLC.

Results: Caffeine-stimulated locomotion is significantly decreased in forebrain neuron-specific
AAR KO mice, similar to what we found previously in global A;4R KO mice. MPTP treatment (40
mg/kg single injection) produced similar dopamine depletion in knockout mice and their respective
wide-type littermates. On the other hand, caffeine pretreatment (25 mg/kg ip) significantly
attenuated MPTP-induced striatal dopamine loss in wild-type mice. This neuroprotection by
caffeine, however, is lost in global A;aR KO mice. Similarly, caffeine attenuated MPTP-induced
dopamine depletion in control but not forebrain neuron-specific A;aR KO mice. On the other hand,
caffeine’s attenuation of MPTP neurotoxicity is present in both control and astrocyte-directed AaR
KO mice.

Conclusions: Taken together, these data suggest that caffeine’s neuroprotection against MPTP
neurotoxicity is dependent on the A,aR, particularly those located in forebrain neurons.

Support contributed by: NIEHS, Beeson Program/AFAR & USAMRAA.

To the best of my knowledge and judgment I, the presenting author, report that:
The authors have no financial conflict of interest in the presentation of this work.
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Title: Neuroprotection by caffeine in the MPTP model of Parkinson's disease: the role of adenosine A2A
receptor

Location: Georgia World Congress Center: Halls B3-B5

Presentation Monday, Oct 16, 2006, 1:00 PM - 2:00 PM

Start/End Time:

Authors: *K. XU', Y. XU, J. CHEN2, M. A. SCHWARZSCHILD";

1Dept Neurol, Massachusetts Gen Hsptl, Charlestown, MA, 2Neurology, Boston University School of
Medicine, Boston, MA.

Prospective epidemiological studies have raised the possibility of caffeine conferring protection against Parkinson's
disease. This hypothesis is strengthened by our previous findings that caffeine attenuates MPTP-induced dopaminergic
neurotoxicity in mice. Moreover, antagonists of the Ay subtype of adenosine receptor (AoaR), but not of the AR,

provided similar protection. To further investigate the dependence upon and location of the AoaR in caffeine’s
neuroprotection, we examined the effect of caffeine on MPTP neurotoxicity in standard (global) AopAR knockout (Axp KO)
mice as well as tissue-specific (conditional) Aop KO mice. Postnatal forebrain neuron-specific and astrocyte-directed
conditional Aop KO mice were generated by using the Cre-loxP system based on the specificity of CamKlla and GFAP
gene promoters, respectively. Tissue-specific disruption of the AppR was confirmed by PCR and western blot.

Locomotion (ambulation) was determined 3 hr before and 3 hr after caffeine/saline injection. In neuroprotection
experiment, caffeine or saline were administered 10 minutes before MPTP treatment (40 mg/kg ip single injection). One
week later, striatal dopamine content was determined by HPLC. Caffeine’s effect on MPTP-induced dopamine release
will also be studied in the conditional Aop KO mice using microdialysis. Caffeine-stimulated locomotion is significantly

decreased in forebrain neuron-specific A;ppoR KO mice, similar to what we found previously in global A;pR KO mice.

MPTP treatment (using the single dose injection paradigm) produced similar dopamine depletion in global KO mice and
their wide-type or heterozygous littermates. By contrast, caffeine pretreatment (25 mg/kg ip) significantly attenuated
MPTP-induced striatal dopamine loss in wild-type and heterozygous mice but not in global A;pAR KO mice. Similarly,

caffeine attenuated MPTP-induced dopamine depletion in control but not forebrain neuron-specific AppR KO mice. On
the other hand, caffeine’s attenuation of MPTP neurotoxicity is present in both control and astrocyte-directed AopR KO
mice. Taken together, these data suggest that caffeine’s neuroprotection against MPTP neurotoxicity is dependent on
Aop receptors, particularly those located on forebrain neurons.
Disclosures: K. Xu , None; Y. Xu, None; J. Chen, None; M.A. Schwarzschild, None.
Support: NIH ES10804

Beeson Program/AFAr
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Title: Caffeine protects against combined paraquat and maneb-induced

neurotoxicity of dopaminergic nigral neurons

Location: San Diego Convention Center: Halls B-H

Presentation Start/End Sunday, Nov 04, 2007, 3:00 PM - 4:00 PM

Time:

Authors: *A. KACHROO', K. PRASADZ, M. C. IRIZARRY, E. K. RICHFIELDZ, M. A.

SCHWARZSCHILD';
1Dept of Neurol., Mass Gen. Hosp/Harvard Med. Sch., Charlestown, MA;

2Envrn. and Occup. Hith. Sci. Institute, Univ. of Med. and Dent. of New
Jersey, Piscataway, NJ

The etiology of idiopathic Parkinson’s disease (PD) remains unknown though certain risk factors have been
identified. On the one hand, genetic determinants and environmental neurotoxicants such as pesticides
have been linked to an increased risk of developing PD. On the other hand, several environmental factors
such as caffeine intake have been inversely linked to PD risk. The present study sought to determine
whether caffeine (a non-specific adenosine antagonist) attenuates dopamine neuron toxicity from
combined exposure to the herbicide paraquat (PQ) and the fungicide maneb (MB). The intraperitoneal
injection paradigm involved dual administration of 10mg/kg PQ and 30mg/kg MB, in the absence or
presence of caffeine at 5mg/kg and 20mg/kg (injected 10 min prior to pesticides), twice a week for 8
weeks. PQ/MB treated mice did not demonstrate any motor deficits when tested 24-48 h post injection,
using open field locomotor activity. Stereological assessment of neurons in the substantia nigra pars
compacta was performed using tissue sections stained for tyrosine hydroxylase (TH) and counterstained
with cresyl violet. The data showed that the numbers of TH-positive (dopaminergic) nigral neurons were
significantly reduced (40%) after paraquat and maneb treatment. Pretreatment with caffeine at 20mg/kg,
but not 5mg/kg, provided significant protection against TH-positive neuronal cell loss. The lack of a
significant difference observed between control and pesticide-treated groups when counting TH-negative
(non-dopaminergic) neurons confirms the specificity of these pesticides for targeting dopaminergic neurons.
These data demonstrate that caffeine is able to neuroprotect dopaminergic nigral neurons in the setting of
an environmentally relevant model of PD.

Disclosures: A. Kachroo, None; K. Prasad, None; M.C. Irizarry, None; E.K. Richfield,
None; M.A. Schwarzschild, None.
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Title: Behavioural phenotype of unilateral conditional knockout of striatal
adenosine A2A receptors using a viral Cre/loxP system

Location: San Diego Convention Center: Halls B-H
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Authors: *A. PISANU, M. SENA-ESTEVES, M. A. SCHWARZSCHILD;

Neurol., Massachusetts Gen. Hosp., Charlestown, MA

Genetic knockout (KO) approaches to the study of receptor function complement traditional
pharmacological methods by offering complete specificity and inactivation. However, standard KO
strategies globally eliminate the targeted receptor starting prenatally, and thus their use for investigating
the role of receptors in the adult brain can be confounded by developmental or systemic phenotypes. The
transgenic Cre/loxP conditional KO system can achieve partial control over the timing and distribution of
receptor inactivation using a specific promoter to direct Cre recombinase gene (cre) expression postnatally
and/or in a selected cell subtype. A,, receptors (A,,R) have been reported to modulate motor functions in

basal ganglia circuitry and their antagonists possess anti-parkinsonian activity in animal models.
Convergent epidemiological and laboratory data have also suggested that A,,R blockade may confer

neuroprotection against the dopaminergic neuron degeneration that causes Parkinson’s Disease.
Stereotaxic infusion of an adeno-associated virus (AAV) vector encoding Cre recombinase into the left

striatum of homozygous floxed A, R (A,,R0X/floX) adult mice was used to analyze the role of striatal
A,aR in motor control and neuroprotection. Neuronal Cre expression and AopR loss were visualized by

immunohistochemistry and correlated with turning behaviour to assess for asymmetries in striatal control of
movement. Cre expression appeared maximal 15 days post-infusion of AAV2/1-cre vector whereas loss of

A, AR immunoreactivity reached its maximum extent at 30 days post-injection. Starting from the 3oth day
turning behaviour was assessed in unilateral conditional KO mice (AAV2/1-cre, A, ,Rf10X/flox) and in two
control groups (AAV2/1-GFP, A2ARﬂ0X/ﬂ°X and AAV2/1-cre, A2AR+/+ mice). None of the experimental
groups showed a biased spontaneous turning behaviour. In unilateral conditional KO mice the Ajp
antagonist KW-6002 (3 mg/kg, ip; in the presence of a sub-threshold dose of the dopamine D, antagonist

haloperidol) induced ipsilateral turning, and amphetamine (2.5 mg/kg i.p. on its own) induced contralateral
turning relative to that in the control animals. Thus the AAV2/1-Cre/loxP conditional KO system provides a
means to precisely eliminate the A,,R postnatally in discrete brain regions, and can be used to further

explore the neurobiology of adenosine receptors and their pathophysiology in models of CNS disease.
Disclosures: A. Pisanu , None; M. Sena-Esteves, None; M.A. Schwarzschild, None.
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Authors: W. LUO".2, M. A. SCHWARZSCHILD?, *K. XU?;

TNeurol., Second Affliated Hosp. Soochow Univ., Suzhou, China; 2Dept
Neurol, Massachusetts Gen Hsptl, Charlestown, MA

Findings from large prospectively followed populations have firmly linked higher urate level with a reduced
risk of developing Parkinson's disease (PD). Recently, higher serum urate has been identified as a
predictor of slower progression of PD symptoms and signs in two long-term, rigorously conducted clinical
trials (together comprising over 1600 early cases of PD). These observations raise the possibility of a novel
neuroprotective effect of urate in PD, and prompted us to explore its role in an animal model of PD. We
examined the effect of locally administered urate on MPTP toxicity in young male C57BI/6 mice. Urate (0,
2.5, 5, 7.5, or 10 mg/dL in artificial CSF) was perfused through microdialysis probe within a guide canula
into the left lateral ventricle of free moving mice for 48 hours. MPTP-HCI (single ip injection of 40 mg/kg) or
saline was given 24 hours after the start of urate perfusion. One week after MPTP, striatal dopamine
content was determined. Urate (5mg/dL but not at higher dose) perfusion significantly attenuated
MPTP-induced striatal dopamine loss. These preliminary data support a neuroprotective role of urate in the
MPTP mouse model of PD.

Disclosures: W. Luo, None; M.A. Schwarzschild, None; K. Xu , None.
Support: Jiangsu Government Scholarship for Oversea Studies(JS-2003-106), China
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Title: Adenosine A2 , feceptor gene deletion confers protection in a transgenic
a-synuclein model of Parkinson’s disease
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Abstract: Parkinson’s disease (PD), a progressive neurodegenerative disorder, results
from the interaction of genetic and environmental factors in association
with aging. From a genetic standpoint human a-synuclein (hw-aSYN) has
been implicated in the PD phenotype. Mutations in the human a-synuclein

gene (AS53T, A30P, 3rd one) have been associated with autosomal dominant
familial PD. Transgenic mice expressing a human oa-synuclein gene with
two of these mutations have been shown to develop age-related reductions
in number of dopaminergic nigral neuron, level of striatal dopamine (DA)
and locomotor activity. Pharmacological blockade of the adenosine A\

receptor using caffeine (non-specific A antagonist) and specific
antagonists, as well as genetic elimination of the A2 4 feceptor in mice have

all been shown to be neuroprotective in mouse models of PD. The present
study sought to determine whether deletion of the A, , Teceptor (A, ,[-/-]

mice) would afford protection against the age-related reduction of striatal
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dopamine in double-mutant human o-synuclein (hm2 -aSYN) mice.
Heterozygous A, ,[+/-] mice were mated with A, ,[+/-] mice that were also

transgenic for the wild-type (hw-aSYN) or doubly mutated (hm2 -aSYN)
form of the human synuclein gene under control of a 9-kb rat tyrosine
hydroxylase promoter - all in the C57B1/6J background. Offspring were
sacrificed at 20-24 months of age and striatal DA and metabolites were
measured by HPLC-ECD. As expected in the presence of a functional Ay

receptor, DA content was significantly lower (by 35%) in hm?-aSYN mice
compared to either hw-aSYN or non-transgenic (NT) mice. By contrast, in
A2 A[—/—] mice (lacking functional A2 A receptor) the hm?-aSYN transgene

did not reduce striatal DA levels compared to either control. Data for the
dopamine metabolite DOPAC showed a similar trend, as did dopamine data
when split out by gender. Thus the A, , receptor appears to be required for

neurotoxicity in this a-synuclein mouse model of PD, supporting the
neuroprotective potential of caffeine and more specific A, , antagonists in

the chronic dopaminergic neuron degeneration that characterizes PD.
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Support: NIEHS Grant RO1010804

DOD Grant W81XWH-04-1-0881

AFAR/Beeson program

[Authors]. [Abstract Title]. Program No. XXX.XX. 2008 Neuroscience
Meeting Planner. Washington, DC: Society for Neuroscience, 2008.
Online.

2008 Copyright by the Society for Neuroscience all rights reserved.

Permission to republish any abstract or part of any abstract in any form
must be obtained in writing by SfN office prior to publication.

20f2 10/31/08 9:21 PM


Michael Schwarzschild
DOD Grant W81XWH-04-1-0881

Michael Schwarzschild
http://www.abstractsonline.com/plan/AbstractPrintView.aspx?...

Michael Schwarzschild
Appendix I


Abstract Print View

Appendix J
Print this Page

Presentation Abstract

Program#/Poster#: 453.6/BB34

Title: Effect of conditional knockout of striatal adenosine A2A receptors on
MPTP-induced nigrostriatal toxicity in mice
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Abstract: Over the past decade large prospective epidemiologic studies have linked

consumption of coffee and other caffeinated beverages to a reduced risk of
developing Parkinson’s disease (PD) later in life, raising the possibility that
caffeine might protect dopaminergic neurons from degeneration in PD.
Experimental evidence has shown that caffeine, as well as more specific
antagonists of adenosine A2 A feceptors (A2 ARs), attenuates neurotoxicity

in experimental models of PD, and that MPTP-induced losses of striatal
dopamine and dopamine transporters are significantly attenuated in A, R

knockout (KO) mice compared to their wild-type littermate. But how and
where A, R blockade or disruption influences the death of nigrostriatal

dopaminergic neurons remains still uncertain. There is little evidence for
appreciable expression of A2 ARs on dopaminergic nigrostriatal neurons;

whereas high levels are expressed on GABAergic striatopallidal output
neurons, which are postsynaptic to the dopaminergic neurons that
degenerate in PD. To better address the role of striatal A, R in

neurotoxicity we took advantage of a viral Cre/loxP conditional KO
system: infusion of an adeno-associated virus (AAV) vector encoding Cre
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recombinase into the striatum of homozygous floxed A, \R (A, ARﬂw‘/ﬂox)

adult mice induces a selective depletion of A2 AR in infected cells. Using

this AAV-cre/loxP system, a double injection of AAV2/1-cre (3);1013
gc/ml) into the rostral and caudal striatum on one side induced a 50% loss
of striatal A2 AR expression by day 30 post-injection. This focal A, , R KO

phenotype remained stable at day 60 post-injection, as revealed by
immunohistochemical detection of cre expression and absence of A, \R

expression in the same area. Fifty days after infection, AAV2/1-cre injected
A, ARﬂOX/ﬁox mice and their respective AAV2/1-GFP controls were treated

with MPTP (15mg/kg) or saline i.p every 2 hours for a total of 4 doses.
Striatal Tyrosine hydroxylase (TH) immunoreactivity (IR), representing
dopaminergic projections, was measured one week later. In control
AAV?2/1-GFP-injected mice, the loss of striatal dopamine was
indistinguishable between ipsilateral and contralateral striata. By contrast,
in AAV2/1-cre-injected mice the intensity of TH IR was higher in injected
than in contralateral striatum. Further stereological analysis of surviving
neurons in substantia nigra pars compacta is in progress - in order to
confirm whether focal disruption of A, R in the striatum could confer

neuroprotection against MPTP toxicity in this model of PD.
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Abstract: Parkinson’s disease (PD), a progressive neurodegenerative disorder, results
from the interaction of genetic and environmental factors in association
with aging. From a genetic standpoint human a-synuclein (2-aSYN) has
been implicated in the PD phenotype. Mutations in the (h-aSYN) gene
(e.g., A53T and A30P) may cause autosomal dominant familial PD.
Transgenic mice expressing a h-aSYN gene with these two mutations

(hm2 -aSYN mice) develop age-related reductions in dopaminergic nigral
neurons, striatal dopamine (DA) and locomotor activity. Pharmacological
blockade of the adenosine A, , receptor using caffeine (non-specific A,

antagonist) and specific antagonists, as well as genetic elimination of the
A, , receptor are all neuroprotective in mouse models of PD. The present

study sought to determine whether deletion of the A, , receptor (A, ,[-/-]

mice) would afford neuroprotection in hm?-a.SYN mice. Heterozygous

A2 A[+/-] mice were mated with A2 A[+/-] mice that were also transgenic for
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the wild-type (hw-aSYN) or doubly mutated (hm2 -aSYN) form of the
human synuclein gene under control of a 9-kb rat tyrosine hydroxylase
(TH) promoter - all in the C57B/6J background. Offspring were sacrificed
at 20-24 months of age. Striatal DA and metabolites were measured by
HPLC-ECD. Stereological counts were performed in the substantia nigra
pars compacta. Alternate brain sections collected were also stained using
double immunohistochemistry for both TH-positive neurons and synuclein
to assess the levels of #-aSYN in nigral dopaminergic neurons from brain

sections of A2 A[+/+] and A2 A[—/—] hm?-a.SYN male mice. In the presence of

a functional A2 A feceptor, stereological counts were significantly lower (by

approx 43%) in hm?-aSYN mice compared to either hw-aSYN or
non-transgenic (NT) mice. By contrast, in AZ A[—/—] mice the hm?-aSYN

transgene did not reduce neuronal cell counts compared to either control.
Striatal DA data showed a profile similar to that observed with the
stereological counts. No differences were observed in the expression levels

of hm?-aSYN immunoreactivity between the two A, , genotypes, indicating

that a reduction in hm’-aSYN expression does not account for the reduced
toxicity observed in the A, -] hm?-aSYN mice. Thus the A, , Teceptor

appears to be required for neurotoxicity in this a-synuclein mouse model of
PD, supporting the neuroprotective potential of caffeine and more specific
A antagonists in the chronic dopaminergic neuron degeneration that

characterizes PD.
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dendrites of medium-sized spiny neurons (MSNs) which con-
tain high levels of NO receptors called soluble guanylyl cy-
clases (sGC). Recent studies have revealed that the effects of
tonic and phasic NO-sGC-cGMP signaling on MSN activity are
likely to be complex. It is becoming clear, however, that under
physiological conditions transient elevations in intracellular
cGMP primarily act to increase neuronal excitability and facili-
tate the short-term potentiation of excitatory corticostriatal
transmission. NO-cGMP signaling also functionally opposes
the inhibitory effects of DA D2 receptor activation on corticos-
triatal transmission. Not surprisingly, alterations in striatal NO-
sGC-cGMP signaling are apparent following loss of DA inner-
vation and may contribute to pathophysiological changes ob-
served in basal ganglia circuits in Parkinson’s disease (PD). In
support of this, our current studies performed in DA-depleted
rats show that acute pharmacological disruption of sGC-cGMP
signaling reverses pathological elevations in: 1) single-unit
activity recorded in the striatum, and 2) cytochrome oxidase
staining measured in the subthalamic nucleus. Moreover, sys-
temic administration of a selective sGC inhibitor transiently
attenuated forelimb akinesia observed in both rat and mouse
models of PD. These observations suggest that cGMP signal-
ing contributes in an important manner to the overactive exci-
tatory transmission observed in striatopallidal neurons in the
DA-depleted striatum. Thus, down-regulation of the NO-sGC-
cGMP pathway may represent an effective therapeutic strat-
egy for restoring motor deficits observed in PD.

This work was supported by the Chicago Medical School (KYT, ARW)
and United States Public Health grants NS047452, and NS047452S1
(ARW).
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The dorsal raphe nucleus provides the major serotonergic
input to the basal ganglia circuitary with projections to the
striatum, the globus pallidus, the subthalamic nucleus, the
substantia nigra, the pedunculopontine nucleus and the cere-
bral cortex, including the motor cortices. Serotonin (5-HT) has
been shown to modulate dopaminergic neurotransmission in
the striatum as well as GABA and glutamate neurotransmis-
sion in the output regions of the basal ganglia via a number of
5-HT receptors, suggesting a role for 5-HT in movement con-
trol. Of these, 5-HT1A, 5-HT1B, 5-HT2A and 5-HT2C recep-
tors have been the subject of intense research for their poten-
tial in treating Parkinson’s disease and other motor disorders.
We investigated the mechanism underlying the reported anti-
parkinsonian action of the mixed 5-HT2A/2C receptor antago-
nist ritanserin. We compared the effects of ritanserin with the
selective 5-HT2A receptor antagonist M100907 and the selec-
tive 5-HT2C receptor antagonist SB 206553 on motor impair-
ments in mice treated with 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP). MPTP-treated mice exhibited de-
creased performance on the beam-walking apparatus. These
motor deficits were reversed by acute treatment with levodopa.
Both the mixed 5-HT2A/2C antagonist ritanserin and the selec-
tive 5-HT2A antagonist M100907 improved motor performance
on the beam-walking apparatus. In contrast, SB 206553 was
ineffective in improving the motor deficits in MPTP-treated
mice. In vivo microdialysis studies revealed that striatal ex-

Appendix L

tracellular glutamate levels were elevated in the MPTP-treated
mice. Furthermore M100907 reduced striatal glutamate to near
control levels in the MPTP mouse model of parkinsonism. The
data suggest that 5-HT2A antagonists improve parkinsonian
motor impairments probably by altering glutamatergic neuro-
transmission in the striatum. Blockade of 5-HT2A receptors
may represent a novel approach to ameliorate motor symp-
toms of Parkinson’s disease.

Supported by NIH grant NS041071
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Michael A. Schwarzschild
MassGeneral Institute for Neurodegenerative Disease, Mas-
sachusetts General Hospital, Boston, MA 02129, USA

Endogenous purines --from adenosine to urate --have
emerged as therapeutic targets for several basal ganglia dis-
orders. Adenosine and its actions via its A2A receptor subtype
have been intensively explored as an ‘atypical’ basal ganglia
neuromodulator system contributing to the motor dysfunction
of Parkinson disease (PD). Indeed A2A receptor antagonists
are now a leading class of non-dopaminergic agents aimed at
the motor symptoms of PD. A critical mass of at least 5 distinct
A2A antagonists have entered clinical trials for PD. Contribut-
ing to the scientific interest and industry investment in these
antiparkinsonian agents are unique features of the A2A recep-
tor: 1) its remarkably restricted regional and cellular expres-
sion patterns in the CNS; 2) its capacity to form functional het-
eromeric receptor complexes with other GPCRs (e.g., dopa-
mine D2, cannabinoid CB1, and mGlu5 receptors); 3) its pos-
sible involvement in other CNS symptoms (e.g., restless legs,
dyskinesia, excessive daytime sleepiness, depression); 4) its
potential role in the underlying neurodegeneration of PD. This
is based on a convergence of epidemiological data linking
caffeine (an adenosine antagonist) to a reduced risk of PD,
with lab data demonstrating neuroprotection by A2A blockade.

Recently, another purine has emerged as a compelling
candidate neuroprotectant in PD and possibly Huntington's
disease (HD). Urate, a major antioxidant as well as the meta-
bolic end product of adenosine in humans, displays neuropro-
tective properties in cellular models of PD. In humans higher
levels of urate have been identified as the first molecular pre-
dictor of both a reduced risk of typical PD and a reduced rate
of its progression. Similarly, higher urate levels have been
linked to better outcomes among those with HD. We have be-
gun a phase Il clinical trial of a urate-elevating strategy using
the purine intermediate inosine in an effort to rapidly translate
these findings into disease-modifying therapy for PD.

Grant support form NIH/NINDS (K24NS060991, RO1NS054978,
R21NS058324), DoD/NETPR (W81XWH-04-1-0881), Michael J. Fox
Foundation, American Federation for Aging Research, and RJG Foun-
dation.
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Adenosine A2 Receptor Antagonists
for Parkinson’s Disease

Rationale, Therapeutic Potential and Clinical Experience

Robert A. Hauser! and Michael A. Schwarzschild?

1 Departments of Neurology, Pharmacology and Experimental Therapeutics, University of
South Florida and Tampa General Healthcare, Tampa, Florida, USA

2 Department of Neurology, Massachusetts General Hospital and Harvard Medical School,
Boston, Massachusetts, USA

Abstract Long-term disability in Parkinson’s disease (PD) is related to progression of
the underlying disease and the emergence of complications of chronic levodopa
therapy. There is a need for new medications that can slow the underlying
progression of degeneration, improve PD symptoms in early disease without
inducing dyskinesia, and improve motor fluctuations and ‘off” time in advanced
disease without worsening dyskinesia. Much interest has focused on the develop-
ment of nondopaminergic therapies, with antagonists of the adenosine A2a
receptor emerging as leading candidates. A2a receptors are selectively expressed
in the basal ganglia and specific A2A antagonists reverse motor deficits without
causing dyskinesia in animal models of PD. The antiparkinsonian potential of Ao
receptor blockade has been expanded further by convergent epidemiological and
laboratory findings suggesting a possible neuroprotective effect of Aza receptor
antagonists in PD. Istradefylline (KW-6002) is the first of several adenosine A2a
receptor antagonists in development for PD to advance to phase III clinical trials.
Initial studies indicate that in patients with motor fluctuations on levodopa,
addition of istradefylline reduces ‘off’ time. Additional studies are necessary to
evaluate the benefit of istradefylline as monotherapy in early disease, its effect on
the development of dyskinesia, and its effect on disease progression.

Although current medication treatment of sponse to treatment with levodopa and experience

Parkinson’s disease (PD) provides good benefit fora
number of years, long-term treatment remains inad-
equate. The underlying neuronal degeneration con-
tinues to progress and many patients develop long-
term complications of dopamine replacement ther-
apy.l Continued neuronal degeneration can lead to
the emergence of dementia or imbalance, problems
that can cause substantial disability and that are
poorly responsive to symptomatic treatment. In ad-
dition, many patients develop fluctuations in re-

dyskinesia (twisting, turning movements) during
peaks of levodopa-derived dopamine in the brain.
Dyskinesia itself can be disabling,?! and also com-
monly prevents the administration of additional
dopaminergic medication to improve symptoms
when levodopa has worn off (‘off” time).

Because of these limitations of current therapy,
an intense search for new medications to treat PD is
ongoing. There is a need for medications that can
slow the underlying progression of degeneration,
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improve PD symptoms in early disease without in-
ducing dyskinesia, and improve motor fluctuations
and ‘off” time in advanced disease without worsen-
ing dyskinesia. Much interest has focused on the
development of nondopaminergic therapies, espe-
cially adenosine Apa receptor antagonists. Is-
tradefylline (KW-6002) is an adenosine A2A recep-
tor antagonist that is now in phase III clinical trials
for PD.

1. Preclinical

1.1 Neurobiology of Az2a Receptors

The case for developing adenosine A2A receptor
antagonists as antiparkinsonian therapy has been
built on a solid foundation of preclinical evidence.
Here we review the distinctive neurobiology of this
receptor, and then highlight findings in animal mod-
els of PD that have justified clinical trials of Aoa
receptor antagonists. For more comprehensive as-
sessments, the reader should see Kase et al.l’l and
Xu et al.

Adenosine is a ubiquitous purine that plays mul-
tiple fundamental roles within all cells, conveying
genetic information (as an elemental component of
DNA and RNA), storing metabolic energy (in aden-
osine triphosphate [ATP]) and transducing cytoplas-
mic  signals  (through  cyclic  adenosine
monophosphate [cAMP]). In addition, adenosine
functions outside of neurons and other cells to carry
information between them.

The sources of extracellular adenosine acting on
CNS neurons are poorly understood, but vary de-
pending on neuronal locale (synaptic vs ambient)
and conditions (normal vs pathological). Under ba-
sal conditions, ambient adenosine in the fluid bath-
ing neurons may mirror intracellular levels because
of passive bidirectional adenosine transporters, and
in turn may exert a homeostatic influence on neu-
ronal function.B! By contrast, transient synaptic ele-
vations in adenosine occur locally during vesicular
neurotransmission with the co-release of ATP and
classical neurotransmitters. ATP released into the
synaptic cleft is rapidly converted to adenosine by
the extracellular ectonucleotidase pathway.

© 2005 Adis Data Information BY. All rights reserved.
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Adenosine modulates neuronal function in mam-
mals through four G protein-coupled adenosine re-
ceptor subtypes: A1, A2a, A2B and A3. The A1 and
Asa subtypes bind adenosine with high affinity, are
coupled to adenylate cyclase (negatively and posi-
tively, respectively) and are expressed in high levels
in the brain. However, A1 and A2 receptors differ
dramatically in their CNS distributions. Whereas A1
receptors are widely expressed throughout the brain,
the Apa receptor is highly enriched in the basal
ganglial® (figure la). The relatively selective ex-
pression of the A2a receptor also contrasts with the
broad distribution of neurotransmitter receptors (e.g.
acetylcholine and glutamate receptors), antagonists
of which are established nondopaminergic an-
tiparkinsonian drugs. Although striatal receptors
likely mediate the symptomatic benefits of anticho-
linergic agents (e.g. trihexyphenidyl) and putative
antiglutamatergic agents (e.g. amantadine), their oft-
en prohibitive cognitive adverse effects presumably
result from blockade of the high levels of extras-
triatal (particularly cortical) receptors for these
drugs (figure 1a, outer columns). The relatively re-
stricted expression of the Apap receptor may thus
account for the low propensity for CNS adverse
effects noted thus far for Aoa receptor antagonists in
PD patients.[]

The CNS pattern of Apa receptor expression is
notable not only for its relative restriction to the
striatum (figure 1a), but also because of its distinc-
tive cellular localisation within the striatum (figure
1b). Adenosine Aja receptor messenger RNA
(mRNA) is richly expressed in the subpopulation of
medium-sized spiny GABAergic neurons forming
the ‘indirect’ striatal output pathway, part of the
basal ganglia circuitry that is disrupted in PD (as
schematised in figure 2, and reviewed in more detail
by Albin et al.,!% Kase et al.,'!] and Wichmann and
DeLongl!?l). In the striatum, A2a receptor mRNA
co-localises with dopamine D2 receptor mRNAI!!
as well as preproenkephalin mRNA,!'¥ in the
striato-pallidal neurons of the indirect pathway.

The molecular and cellular signals generated by
Ana receptor stimulation are just beginning to be
understood. Biochemically, it is clear that the A2

Drugs Aging 2005; 22 (6)
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Fig. 1. Restricted regional and neuronal localisation of the adenosine Aza receptor in brain. (a) Brain expression of subtypes of three
neurotransmitter receptors targeted for nondopaminergic therapy in Parkinson’s disease. Composite distributions of specific radioligand
binding to subtypes of muscarinic cholinergic (M1 and M2), adenosinergic (A1 and Aza) and ionotropic glutamatergic (1-amino-3-hydrox-
y-5-methyl-4-isoxazole propionic acid [AMPA] and kainate) receptors are shown in coronal sections from the caudal, mid- and rostral rat
brain (containing pons, hippocampus and striatum, respectively). Increasing density of radioligand-binding is colour-coded over a spectrum
from white to blue to yellow to red. Most striatal receptors that modulate dopaminergic neurotransmission are also widely distributed
throughout the brain, whereas the Asa subtype of adenosine receptor is relatively restricted in its expression to the striatum and the
underlying olfactory tubercle (reproduced from Tohyama and Takatsuji® with permission from Oxford University Press and Igaku-Shoin
Ltd). [b] Schematic of Aza receptor distribution at the cellular level between the two major types of output neurons of the striatum. Striatal
Aga receptors are largely restricted to the GABAergic medium spiny neurons co-expressing enkephalin and dopamine D2 receptors, and
projecting to the globus pallidus. Asa receptors through G protein-coupled signalling pathways generally activate (+) neuronal activity, an
influence that is counterbalanced by the inhibitory (=) effects of D2 receptors on these neurons.
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receptor can couple through stimulatory G proteins
to activate adenylate cyclase, thereby enhancing
production of the second messenger cAMP. By con-
trast, the D2 receptor is negatively coupled to adeny-
late cyclase through an inhibitory G protein. These
opposing actions of Ao and D2 receptors co-local-
ised to the striato-pallidal neuron (figure 1b) likely
contribute to their counterbalancing behavioural as

The excitatory cellular effects of Apa receptor
activation on striato-pallidal neurons are manifest as
enhanced GABA release from their nerve terminals
in the globus pallidus pars externa (figure 2).]
Increased pallidal GABA then suppresses the inhibi-
tory (GABAergic) pallidal projections to the sub-
thalamic nucleus (STN), thereby activating (dis-
inhibiting) the excitatory effects of glutamatergic

well as cellular effects. STN projections to the globus pallidus pars interna

<— Glutamate (excitatory)
" GABA (inhibitory)
<“4—  Dopamine (excitatory via D, receptor on the 'direct pathway')
— Dopamine (inhibitory via D, receptor on the 'indirect pathway')
Adenosine A, receptor
U Adenosine
¥ Adenosine A, receptor antagonist
a Normal b Parkinson's disease c Parkinson's disease

with an A, antagonist

Normal movements Tiny movements Partially restored movements

-

< = be
SNec [E SNec

@ ; g
STN STN STN
SNr/GPiI SNr/GPiI SNr/GPiI

Fig. 2. Schematic of the probable mechanism by which Asa receptor antagonists relieve motor symptoms in Parkinson’s disease (PD). As
depicted in a simplified diagram of basal ganglia activity and its normal modulation of movement (a), dopamine acts at the striatal level to
facilitate movement through stimulatory D1 receptors on striato-nigral neurons of the ‘direct’ pathway and through inhibitory D2 receptors on
striato-pallidal neurons of the ‘indirect’ pathway. Adenosine acts on stimulatory Aza receptors on striato-pallidal neurons at postsynaptic
sites in the striatum, and also at presynaptic sites on GABAergic nerve terminals in the globus pallidus pars externa (GPe). Loss of striatal
dopamine in PD (b) disinhibits these striato-pallidal projection neurons, leading to GPe suppression and therefore disinhibition of the
subthalamic nucleus (STN). Depletion of dopamine also leads to a parallel inhibition of striato-nigral neurons in the direct pathway. The
resulting imbalance between the activities of the direct and indirect pathways in turn enhances inhibitory output from the internal GP (GPi)
and substantia nigra pars reticulata (SNr) with excess inhibition of thalamo-cortical neurons, resulting in the characteristic reduced
movement of PD. Aza receptor blockade in PD (¢) should result in recovery of GPe activity. This in turn would reduce the excessive
excitatory drive from the STN to the GPi/SNr complex, thereby partially restoring balance between the direct and indirect pathways.
Accordingly, overactivity of GPi/SNr output neurons (and the resultant motor deficits) in PD may be partially reversed by Asa antagonists.
Thickened or broken lines represent increased or decreased neural activity, respectively, along a pathway (reproduced from Albin et al.,['?!
with permission; see also Xu et al.l) and Kase et al.l'l), Enk = enkephalin; Dyn = dynorphin; SNc = substantia nigra pars compacta.
((Author: in our current house style we do not use variant font sizes. Is this suggested solution OK and, if not, do you have any
other suggestions?))
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and substantia nigra pars reticulata. Activation of
these GABAergic output nuclei of the basal ganglia
leads to inhibition of the thalamic motor nuclei,
which in turn leads to a reduction in the facilitative
influence of thalamo-cortical activity onto the motor
cortex. Through this mechanism, A2A receptors may
contribute to motor inhibition in PD. Conversely,
Asa antagonists partially reverse motor deficits
through their inactivation of Apa receptors on
striato-pallidal neurons. In support of this model, it
has recently been demonstrated that the motor stim-
ulant action of the Ara antagonist KW-6002 is
eliminated after conditional knockout of the Aza
receptor gene in neurons of the striatum.[19!

2. Influence of Aoa Receptor Antagonists
on Parkinson’s Disease
(PD) Pathophysiology

2.1 Symptomatic Actions

Although the anatomy of the Aza receptor distin-
guishes it from other nondopaminergic targets in the
quest for improved antiparkinsonian therapy, it is
the behavioural pharmacology of Aza receptor an-
tagonists that has provided the central rationale for
their development as antiparkinsonian agents. Rela-
tively specific Aoa receptor antagonists consistently
reverse motor deficits or enhance dopaminergic
treatments in animal models of PD. For example, in
rats with unilateral 6-hydroxydopamine (6-OHDA)
lesions of the dopaminergic pathway, A2a receptor
antagonists including SCH 58261, KW-6002 and
MSX-3 all potentiated the contralateral turning be-
haviour induced by levodopa or a dopamine ago-
nist.172% In addition, motor stimulation by an A2a
receptor antagonist in this model showed no toler-
ance after repeated treatment.?!l

Blockade of dopamine receptors with haloperidol
and depletion of dopamine by reserpine are also
used to model the hypodopaminergic motor dys-
function of PD. Under these conditions, rodents
enter an akinetic cataleptic state, which can be re-
versed by the administration of Aja receptor antag-
onists.[22241 Moreover, KW-6002 in combination
with levodopa synergistically improves motor func-
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tion in both haloperidol- and reserpine-treated ro-
dents.[24]

Rigidity and rest tremor are also cardinal features
of PD, and can be as disabling as bradykinesia. A2a
blockade has been found to improve abnormalities
of muscle tone and tremors in rodents, extending the
potential benefit of A2a blockade for PD symp-
toms.?>-27l Again, combining an A2 receptor antag-
onist with levodopa produced a synergistic an-
tiparkinsonian effect, in this case by alleviating the
muscle rigidity induced in rodents by drugs that
disrupt dopaminergic neurotransmission. >4l

With rodent studies suggesting the considerable
potential of Apa receptor antagonists as symptomat-
ic therapy for PD, evaluation of their efficacy was
warranted in nonhuman primate models of PD. Ini-
tial investigations?®3% confirmed the potential for
facilitating motor activity while also demonstrating
a low potential for inducing or exacerbating dys-
kinesias. In monkeys treated with
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP), KW-6002 produced a significant improve-
ment in motor disability which persisted unabated
over at least 3 weeks of treatment. Moreover, the
observed reduction in motor disability scores was
not accompanied by abnormal or excessive move-
ments such as stereotypies or dyskinesia.?®?°! In the
same animal model, KW-6002 was found to syner-
gistically enhance the antiparkinsonian action of a
low dose of levodopa or D7 receptor agonist without
exacerbating dyskinesia.?3% These latter studies
helped establish the rationale for the initial clinical
trials of an ApA receptor antagonist in patients with
relatively advanced PD.

3. Disease-Modifying Potential

3.1 Neuroprotection

3.1.1 Caffeine in the Epidemiology of PD

Recent epidemiological findings have converged
with laboratory studies to suggest that A2a receptor
blockade by caffeine, a nonselective adenosine re-
ceptor antagonist, protects against the underlying
neurodegeneration of PD. Coffee or tea drinking has
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emerged as the dietary factor most consistently asso-
ciated with a lowered risk of developing PD.B! An
inverse relationship between coffee drinking and PD
was first demonstrated in case-control studies in the
1990s. Subsequent prospective studies strengthened
the link between caffeine consumption and a re-
duced risk of later developing PD.3233 Thirty years
after some 8000 Japanese-American men reported
their dietary caffeine consumption, over 100 of them
developed PD. Higher coffee intake at enrollment
was dose-dependently associated with a reduced
incidence of PD, including a >5-fold lower risk in
those who drank over four medium (60z) cups per
day.’? Confirmation of these findings was obtained
in a prospective study of a larger, multi-ethnic popu-
lation of men.31 Coffee drinking, tea drinking, non-
coffee caffeine consumption and total caffeine con-
sumption were inversely correlated with the inci-
dence of subsequent PD. By contrast, consumption
of decaffeinated coffee was not associated with an
altered risk of PD, clearly implicating caffeine as the
component responsible for the inverse relationships.

Interestingly, comparison of the female and male
cohorts by Ascherio et al.?3 exposed a stark gender
difference, with no clear association between PD
and caffeine intake apparent in women (as had been
previously observed).l**l However, subsequent strat-
ification of the women by estrogen exposure history
in two independent prospectively followed co-
horts®>2¢1 implicated a hormonal basis for this gen-
der difference. In each study, in the subset of women
who did not use postmenopausal estrogens, caffeine
was significantly associated with a reduced risk of
subsequent PD, just as in men.

3.1.2 Neuroprotection by Caffeine and More
Specific Aoa Recepfor Anfagonists

Despite their strengths, these epidemiological in-
vestigations cannot directly address the critical
question: does caffeine prevent PD, or does early PD
(or its causes) prevent the use of caffeine? Though
the question of causality is difficult to answer in
humans, animal models can offer useful clues. The
hypothesis that caffeine protects humans from
dopaminergic neurodegeneration has been strength-
ened by the finding that caffeine and more specific
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antagonists of the Apa receptor protect against
dopaminergic neuron toxicity in rodent models of
PD.

The effect of caffeine on the demise of nigro-
striatal dopaminergic neurons has been investigated
in the MPTPB738 and 6-OHDAP! models of PD.
Caffeine, when administered to mice at doses corre-
sponding to those of typical human use, dose-
dependently reversed the loss of striatal dopamine
induced by MPTP.B7 Caffeine also prevented
MPTP- or 6-OHDA-induced loss of dopaminergic
nerve terminals in the striatum, and of dopaminergic
cell bodies in the substantia nigra.[?7-39401

The neuroprotective effects of caffeine appear to
be mediated primarily by its antagonistic action at
the Aoa subtype of the adenosine receptor. MPTP-
or 6-OHDA-induced nigro-striatal lesions were at-
tenuated by all Apa receptor antagonists tested to
date, including KW-600203741421 and SCH 58261.137]
Furthermore, A2A knockout mice (lacking function-
al Ao receptors as a result of targeted gene disrup-
tion)*¥44 were assessed for their susceptibility to
dopaminergic neuron toxins. MPTP- (but not
6-OHDA-) induced losses of striatal dopamine and
dopamine transporter binding sites were significant-
ly attenuated in A2A knockout mice compared with
their wild-type littermates.l*’*! Thus, complimenta-
ry genetic and pharmacological approaches have
generally demonstrated that Asa receptor inactiva-
tion, like caffeine, can protect dopaminergic neu-
rons. Overall, these data suggest that caffeine can
protect against dopaminergic neuron injury and
death through its antagonistic action at the adeno-
sine A2a receptor. How the Aza receptor contrib-
utes to dysfunction and death of dopaminergic neu-
rons remains unclear, but several plausible hypothe-
sestl are being pursued.

3.2 Preventing Dyskinesicas

A major impetus for developing novel
nondopaminergic pharmacological approaches to
PD has been the need to treat parkinsonian deficits
without inducing or exacerbating dyskinesias. Aoa
receptor antagonists have indeed demonstrated a
low potential for triggering dyskinesias in nonhu-
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man primates. In addition, laboratory studies have
raised the possibility that Asa receptor blockade
may provide an additional benefit of preventing the
development of dyskinesias in the first place.

Using a variety of rodent models of levodopa-
induced dyskinesia in PD, several laboratories have
evaluated the antidyskinetic potential of Asa recep-
tor antagonists.! Some of these investigations sug-
gest that ongoing A2a blockade may prevent the
development of the maladaptive basal ganglia
neuroplasticity that underlies dyskinesias.[2!14546]
Other studies that did not find evidence that Axa
receptor antagonists can prevent the development of
sensitised motor responses to L-dopa did, however,
suggest that A2 blockade may reduce their expres-
sion — either directly®” or indirectly (by allowing
the use of lower levodopa doses to achieve the same
antiparkinsonian benefit).[*®!

To better assess the prophylactic antidyskinetic
potential of Ana receptor antagonists, Bibbiani et
al.¥l evaluated the primate model of dyskinesias.
Monkeys previously lesioned (and made parkinsoni-
an) by MPTP were treated daily with apomorphine
(a short acting dopamine agonist) together with oral
KW-6002 or vehicle for approximately 3 weeks,
after which the daily treatments of apomorphine
alone were continued for 3 more weeks. These in-
vestigators found that, in control animals, dyskine-
sias consistently developed 1-2 weeks after initiat-
ing dopaminergic treatment and persisted for the
duration of the experiment. In contrast, monkeys
that were initially treated for 3 weeks with dopamine
agonist plus KW-6002 did not develop any abnor-
mal movements during this co-treatment period, and
only began to manifest dyskinesias 1-2 weeks after
discontinuing the Asa receptor antagonist. This
study supports a role for the Aa receptor in the
development of dyskinesia (rather than in its expres-
sion) in primates, and provides additional rationale
for targeting early PD patients in future human trials
of A2 receptor antagonists.

3.3 Clinical Trials

Based on preclinical studies, adenosine Aja re-
ceptor antagonists have the potential to improve
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symptoms when taken as monotherapy in early PD
and to reduce ‘off” time without causing or worsen-
ing dyskinesia when taken as an adjunct to levodopa
in advanced disease. Istradefylline (KW-6002) is
now in phase III clinical trials for advanced PD, and
results of several trials of this agent are available.

Bara-Jimenez et al.l”! at the US National Insti-
tutes of Health (NIH) conducted a 6-week,
randomised, blinded, ‘proof-of-principle’ study us-
ing intravenous levodopa infusions to evaluate is-
tradefylline in PD patients with moderate to ad-
vanced disease. Fifteen patients participated in the
study. All were experiencing motor fluctuations on
levodopa and six also exhibited peak-dose dyskine-
sias. Twelve patients were randomised to istradefyl-
line treatment and three to placebo. One istradefyl-
line subject withdrew from the study because of the
need to take a prohibited medication. Subjects
randomised to istradefylline received placebo for 2
weeks, istradefylline 40 mg/day for the next 2
weeks, and istradefylline 80 mg/day for the final 2
weeks. Efficacy evaluations were performed at the
end of weeks 2 (baseline), 4, and 6. Oral antiparkin-
sonian medications were withheld on the night prior
to the evaluation day and until assessments were
completed. At each evaluation visit, function was
assessed using the motor subsection of the Unified
Parkinson’s Disease Rating Scale (UPDRS) and the
Abnormal Involuntary Movement Scale (AIMS).
The effect of istradefylline administration was eval-
uated: (i) alone; (ii) with a suboptimal levodopa
infusion; (iii) with an optimal levodopa infusion;
and (iv) periodically following discontinuation of
levodopa infusion. Results were analysed within
active treatment subjects, comparing observations at
weeks 4 and 6 to those at week 2.

When administered alone, istradefylline had no
effect on parkinsonian signs and did not cause dys-
kinesias. Similarly, during optimal levodopa infu-
sions, istradefylline had no effect on parkinsonian
signs or dyskinesias. In contrast, during suboptimal
levodopa infusions, istradefylline significantly im-
proved parkinsonian signs. Motor UPDRS scores
improved by 24% with istradefylline 40mg (from
30+£2.8 to 23+3.6, p<0.05) and by 36% with
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istradefylline 80mg (from 30+2.8 to 19143,
p < 0.02). Of note, the antiparkinsonian response to
istradefylline 80mg plus suboptimal levodopa infu-
sion was similar to that produced by an optimal
levodopa infusion, but with significantly less dys-
kinesia (45%, p < 0.05). Benefit was also identified
for each of the individual cardinal signs, namely
tremor (p<0.002), rigidity (p<0.01) and
bradykinesia (p < 0.05). In addition, the time for the
antiparkinsonian effect to decline by 50% following
discontinuation of an optimal-dose levodopa infu-
sion was increased by 76% (p < 0.05), from 62 £ 14
minutes to 109 & 24 minutes. Istradefylline was rel-
atively well tolerated. The most frequent adverse
events were nausea (3), increased stiffness (3), head-
ache (2) and increased dyskinesias (2).[7]

It is not clear why no antiparkinsonian benefit
was identified when istradefylline was administered
alone in this study and no other experience is cur-
rently available with istradefylline monotherapy in
PD patients. Itis possible that a higher istradefylline
dose administered alone might provide antiparkin-
sonian benefit in this population. Perhaps more im-
portantly, istradefylline monotherapy might provide
benefit in early disease, when endogenous dopamine
production and release are still present, although this
has not yet been studied. The main findings of the
NIH study, namely improved response when is-
tradefylline is administered with a suboptimal
levodopa infusion, and extension of the half-time of
benefit following discontinuation of a levodopa in-
fusion, suggest that istradefylline might be of bene-
fit to reduce ‘off’ time in advanced patients with
motor fluctuations, and possibly with reduced dys-
kinesia.

Hauser et al.®l performed a 12-week, double-
blind, placebo controlled, exploratory study of is-
tradefylline as an adjunct to levodopa in PD patients
with both motor fluctuations and dyskinesias
(US-001 study). Patients were required to have at
least 90 minutes of ‘off” time between the first dose
of levodopa after waking up for the day and 8§ hours
later to be eligible for the trial. Eighty-three subjects
entered the study and were randomised to placebo,
istradefylline 5 mg/day during weeks 1 to 4, 10 mg/
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day during weeks 5 to 8 and 20 mg/day during
weeks 9 to 12 (5/10/20 group), or istradefylline 10
mg/day during weeks 1 to 4, 20 mg/day during
weeks 5 to 8 and 40 mg/day during weeks 9 to 12
(10/20/40 group). Evaluations were undertaken at
baseline and every 2 weeks through the study. Sub-
jects completed 3 daily home diaries during the
week before each visit.

Subjects randomised to istradefylline exper-
ienced a significant decrease in ‘off” time compared
with subjects randomised to placebo. Istradefylline
recipients experienced a (mean * standard error) re-
duction in the proportion of the awake day spent in
the ‘off’ state of 7.1% £2.0% compared with an
increase of 2.2% +2.7% in the placebo group
(p = 0.008). Both istradefylline dose groups exper-
ienced a significant reduction in percent ‘off” time
compared with placebo. Similarly, subjects assigned
to istradefylline experienced a reduction in ‘off’
time of 1.2 + 0.3 hours compared with an increase of
0.5+ 0.5 hours in the placebo group (p=0.004).
Thus, compared with placebo, istradefylline reduced
‘off” time by 1.7 hours. This difference began to
emerge at week 8 and was maximal at week 12,
probably as a result of the escalating dose design of
the study.

There were no significant differences in ratings
of dyskinesia severity between the istradefylline and
placebo groups. However, there was an increase in
‘on’ time with dyskinesia in the istradefylline group.
It is difficult to determine the functional impact of
this change because the diaries used in this study did
not include such an assessment. Diaries that include
the designation of troublesome and nontroublesome
dyskinesia can help evaluate this effect and were
therefore used in subsequent studies.[*’]

Istradefylline was generally well tolerated. The
most common adverse events in the istradefylline
group were nausea (istradefylline 27.8% vs placebo
6.9%), aggravation of dyskinesia (16.7% vs 13.8%),
dizziness (13.0% vs 3.4%) and vomiting (9.3% vs
6.9%). Nausea was mostly mild in intensity and
usually resolved within 10 days.

This exploratory study suggested that istradefyl-
line reduces ‘off” time in patients with motor fluctu-
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ations on levodopa and indicated that this should be
the primary outcome variable in definitive studies of
advanced PD patients. Severity of dyskinesia was
not increased, although time ‘on’ with dyskinesia
was increased.[®!

Two additional studies evaluating istradefylline
as adjunctive therapy (US-005 and US-006) have
been reported in abstract form.>® These were
12-week, randomised, double-blind, placebo con-
trolled studies of istradefylline 20, 40, or 60 mg/day
in patients on levodopa with at least 2 hours of ‘off’
time on baseline diaries. In the 005 study, subjects
were randomised to istradefylline 40 mg/day
(n=130) or placebo (n=66); in the 006 study,
subjects were randomised to istradefylline 20 mg/
day (n = 163), istradefylline 60 mg/day (n = 155) or
placebo (n = 77). In the 005 study, subjects assigned
to istradefylline 40 mg/day experienced a
(mean £ SD) reduction in ‘off’ time of 1.8%+2.8
hours compared with a reduction of 0.6 = 2.7 hours
in the placebo group (p = 0.006). Thus, compared
with placebo, istradefylline provided a reduction of
‘off” time of 1.2 hours. In the 006 study, there was a
strong trend for greater reduction of percentage ‘off”
time in subjects assigned to istradefylline compared
with placebo. The reductions in percent ‘off’ time
were 7.9% £ 15.5% and 8.1% + 14.2% in the is-
tradefylline 20 mg/day and 60 mg/day groups, re-
spectively, and 4.3% + 17.2% in the placebo group
(p<0.1). When baseline percent ‘off” time was
included as a covariate, both istradefylline doses
were found to provide a significant reduction in
percent ‘off” time compared with placebo (p = 0.026
and p = 0.024). ‘On’ time with nontroublesome dys-
kinesia increased with istradefylline in both studies
but ‘on’ time with troublesome dyskinesia did not.
The most common adverse events were increased
dyskinesia (20 mg/day, 23.9%; 40 mg/day, 30.2%;
and 60 mg/day, 21.5% vs 005 placebo 5.2%, and
006 placebo 14.3%) and nausea (20 mg/day, 10.4%;
40 mg/day, 10.9%; and 60 mg/day, 19.0% vs 005
placebo 9.1%, and 006 placebo 6.5%).1

Thus, clinical trials of istradefylline to date have
provided rather consistent outcomes. In patients
with motor fluctuations on levodopa, istradefylline

© 2005 Adis Data Information BY. All rights reserved.

Appendix M

reduces ‘off” time by approximately 1.2 to 1.7 hours
compared with placebo. In contrast to animal stud-
ies, there is some increase in dyskinesia but this
increase appears to be an increase in non-
troublesome dyskinesia and, therefore, may not
have a negative impact. The most common adverse
effect is nausea, occurring in 1-13% more patients
receiving istradefylline than placebo. Nausea is gen-
erally mild and usually resolves within 10 days.
Based on these clinical trials, istradefylline appears
to be on track for approval as an adjunct to levodopa
to reduce ‘off’ time in advanced PD patients.

4. Conclusion

In animal models, adenosine A)A receptor antag-
onists, either as monotherapy or as adjuncts to
levodopa, have been demonstrated to improve
parkinsonian signs without causing or worsening
dyskinesia. This suggests that they may be useful as
monotherapy in early PD to provide benefit without
inducing dyskinesia and as adjuncts to levodopa in
advanced disease to improve antiparkinsonian re-
sponse without worsening dyskinesia. Aoa receptor
antagonists will be tested in early PD patients to
assess antiparkinsonian efficacy and their ability to
avoid or delay dyskinesia. In advanced PD, is-
tradefylline (KW-6002) has been shown in prelimi-
nary studies to reduce ‘off” time, with only a modest
increase in dyskinesia. It is anticipated that other
Aoa receptor antagonists will soon enter clinical
testing. In addition to symptomatic benefits, Aoa
receptor antagonists have been demonstrated to pro-
tect dopamine neurons in vivo from a variety of toxic
insults. This suggests that they might have the po-
tential to slow progression of PD and are candidates
for clinical trials evaluating neuroprotection.
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Estrogen Prevents Neuroprotection by Caffeine in the Mouse
1-Methyl-4-Phenyl-1,2,3,6-Tetrahydropyridine Model of
Parkinson’s Disease

Kui Xu,' Yuehang Xu,' Deborah Brown-Jermyn,' Jiang-Fan Chen,? Alberto Ascherio,’ Dean E. Dluzen,* and

Michael A. Schwarzschild!

"Molecular Neurobiology Laboratory, Department of Neurology, MassGeneral Institute for Neurodegenerative Disease, Massachusetts General Hospital and
Harvard Medical School, Charlestown, Massachusetts 02129, 2Department of Neurology, Boston University School of Medicine, Boston, Massachusetts
02118, *Department of Nutrition, Harvard School of Public Health, Boston, Massachusetts 02115, and *Department of Anatomy, Northeastern Ohio
Universities College of Medicine, Rootstown, Ohio 44272

Epidemiological studies have strongly linked caffeine consumption with a reduced risk of developing Parkinson’s disease (PD) in men.
Interestingly, in women, this inverse association is present only in those who have not taken postmenopausal estrogens, suggesting an
interaction between the influences of estrogen and caffeine use on the risk of PD. To explore a possible biological basis for this interaction,
we systematically investigated how the neuroprotective effect of caffeine is influenced by gender, ovariectomy (OVX), and then exogenous
estrogen in the mouse 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) model of PD. (1) Caffeine treatment produced a dose-
dependent attenuation of MPTP-induced striatal dopamine loss in both young and retired breeder (RB) male, but not female, mice. (2) In
female mice (both young and RB), caffeine was less potent or altogether ineffective as a neuroprotectant after sham surgery compared to
OVX or after OVX plus estrogen replacement compared to OVX plus placebo treatment. (3) Estrogen treatment also prevented the
protection of caffeine against dopamine loss in young male mice. (4) Consistent with the putative protective effect of estrogen, female and
OVX plus estrogen mice were relatively resistant to MPTP toxicity compared to male and OVX plus placebo mice, respectively. (5) There
was no overall difference in brain levels of caffeine and its metabolites between OVX plus placebo and OVX plus estrogen mice. Together,
these results suggest that estrogen can occlude and thereby prevent the neuroprotective effect of caffeine in a model of PD neurodegen-

eration, supporting a biological basis for the interaction between estrogen and caffeine in modifying the risk of PD.

Key words: adenosine A, , receptor; dopamine; gender; methylxanthine; ovariectomy; striatum

Introduction

Parkinson’s disease (PD) is a progressive neurodegenerative dis-
order that is pathologically well characterized. However, the eti-
ology of PD remains unclear. Twin studies (Tanner et al., 1999;
Vieregge et al., 1999; Wirdefeldt et al., 2004) have suggested that
nongenetic factors, such as environmental exposures or random
cellular events that occur during aging, play a prominent role in
promoting the development of typical PD.

A major negative risk factor for PD has been identified re-
cently as the consumption of caffeine. Multiple retrospective as
well as several large prospective epidemiological studies have
demonstrated that among dietary factors, previous coffee or tea
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drinking are consistently associated with a reduced risk of devel-
oping PD even after accounting for smoking and other potential
confounding factors (Benedetti et al., 2000; Ross et al., 2000;
Ascherio etal., 2001, 2004). The incidence of PD declines steadily
with increasing intake of caffeine or coffee (but not decaffeinated
coffee).

The mechanisms that underlie this epidemiological correla-
tion remain unclear. One hypothesis that caffeine might repre-
sent a protective environmental factor in PD is supported by our
findings that caffeine can protect against 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP)-induced nigrostriatal neu-
rodegeneration in mice (Chen et al., 2001; Oztas et al., 2002).
Moreover, the caffeine metabolites paraxanthine and theophyl-
line provide similar attenuations of MPTP-induced dopaminer-
gic toxicity (Xu et al., 2002b). In contrast to its locomotor stim-
ulant effect, the neuroprotectant effect of caffeine does not show
tolerance after chronic caffeine exposure (Xu et al., 2002a). Re-
cently, the protection of caffeine against dopaminergic neuron
loss and associated behavior changes was confirmed in the
6-OHDA rat model of PD (Joghataie et al., 2004). Together, the
protective effects of caffeine and its metabolites in rodent models
of PD support a causal basis for the inverse relationship between
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human caffeine consumption and the risk of subsequently devel-
oping PD.

Interestingly, the negative link between caffeine intake and
risk of developing PD has been observed consistently in men but
not in women (Benedetti et al., 2000; Ascherio et al., 2001, 2004).
Overall, there was no clear relationship between PD and caffeine
intake in two large prospectively followed populations of women
(Ascherio et al., 2001, 2004). When these women were further
divided by their estrogen use status after menopause, a negative
association between caffeine intake and risk of PD similar to men
was observed in those women who had never used estrogen re-
placement therapy but not in those who had ever used it (Asche-
rio et al., 2003, 2004). These results suggest that estrogen replace-
ment therapy may prevent the beneficial effect of caffeine in
reducing the risk of developing PD.

To address the possibility that estrogen, which can serve as a
neuroprotectant in its own right, may interfere with neuropro-
tection by caffeine against dopaminergic neurotoxicity, we inves-
tigated their interaction in the MPTP mouse model of PD. We
first assessed the difference in neuroprotection by caffeine in
male and female mice. Then we systematically investigated the
effect of exogenous estrogen on the neuroprotection of caffeine.
Finally, we explored the effect of estrogen on the metabolism of
caffeine as a possible mechanism of interaction between estrogen
and caffeine.

Materials and Methods

Animals, ovariectomy, and estrogen replacement. Young (~10 weeks old)
or retired breeder (6—9 months old) male and female C57BL/6 mice
(Charles River Laboratories, Wilmington, MA) were used in these exper-
iments. All experiments were performed in accordance with Massachu-
setts General Hospital and National Institutes of Health guidelines on the
ethical use of animals. The mice were housed five per cage with ad libitum
access to food and water and were maintained at a constant temperature
and humidity with a 12 h light/dark cycle. To remove the main source of
female hormones, bilateral ovariectomies were performed under anes-
thesia using Avertin (2% 2,2,2-tribromoethanol and 1% amyl alcohol; 20
ml/kg, i.p.) at either Charles River Laboratories or Massachusetts General
Hospital. Sham operations were also included, in which all of the other
procedures were the same, except for removal of the ovaries. In the
experiments in which estrogen replacement was used, placebo or estro-
gen pellets (17B-estradiol, 0.1 mg per pellet, 21 d release; Innovative
Research of America, Sarasota, FL) were implanted at the neck of mice
under anesthesia 7-10 d after ovariectomy. This estrogen regimen was
used because it produces an approximate replacement of physiological
levels within the serum in ovariectomized (OVX) mice (Gao and Dluzen,
2001).

Caffeine and MPTP treatment. Different doses of caffeine (5, 10, 20, or
40 mg/kg) or saline were injected intraperitoneally 10 min before MPTP
(40 mg/kg, i.p.) or saline injection (n = 3-7 for saline treatments and n =
4-15 for MPTP treatments). The extent of the caffeine dose range used
across experiments varied depending on the number of mice available. In
experiments in which ovariectomy and/or estrogen pellets were im-
planted, caffeine and MPTP treatments were performed 10 d after ovari-
ectomy or estrogen implantation, whichever came later, to assure that
estrogen levels were depleted or maintained at a constant level,
respectively.

Dopamine and 3,4-dihydroxyphenylacetic acid measurement. One week
after MPTP treatment, mice were killed by rapid cervical dislocation. The
striatum was dissected out from the right cerebral hemisphere, frozen on
dry ice, and stored at —80°C until use. Each striatum was weighed and
extracted with 150 mm phosphoric acid and 0.2 mm EDTA. The striatum
was homogenized and centrifuged at 12,000 X g for 15 min at 4°C.
Supernatants were analyzed for dopamine and 3,4-dihydroxy-
phenylacetic acid (DOPAC) content using standard reverse-phase HPLC
with electrochemical detection (ESA, Chelmsford, MA). Biogenic amines
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were separated on a C-18 5 um sphere column (Varian, Palo Alto, CA).
The mobile phase consisted of 0.1 M sodium phosphate monobasic, 0.1
mM EDTA, 0.18 mm sodium octyl sulfate, and 8% methanol in filtered
distilled water. The final pH of 3.3 was obtained with the addition of
concentrated phosphoric acid, and the mobile phase was filtered and
degassed before use. The dopamine and DOPAC contents were calcu-
lated as picomoles per milligram of tissue, and these values are presented
within the figures as percentage of change from respective saline—saline-
treated controls.

Measurement of caffeine and its metabolites. Ten days after estrogen or
placebo pellet implantation, OVX retired breeder female mice were
treated with saline or caffeine (5 or 40 mg/kg, i.p.; n = 1 for salineand n =
5 for caffeine). The mice were killed at 10, 30, 60, 120, 180, 240, or 360
min after injection by rapid cervical dislocation. The right cerebral hemi-
sphere was dissected out, frozen on dry ice, and stored at —80°C until use.
Each brain tissue was homogenized in 0.1 M monobasic sodium phos-
phate with a volume 10 times of tissue weight and centrifuged at 12,000 X
g for 15 min at 4°C. Supernatants were analyzed using liquid chromatog-
raphy/mass spectrometry for determination of caffeine and its three me-
tabolites, paraxanthine, theophylline, and theobromine. The lower limit
of quantitation was 30 ng/ml. The analysis of caffeine and its metabolites
was gratefully performed by Drs. R. L. Foltz and D. Andrenyak (Center
for Human Toxicology, University of Utah, Salt Lake City, UT).

Statistical analyses. The data from striatal dopamine and DOPAC con-
tent as well as caffeine/metabolite measurements were analyzed by two-
way ANOVA. Post hoc comparisons were performed using Fisher’s least
significant difference test. Data values in the figures represent the group
mean = SEM.

Results

Gender differences in the attenuation of MPTP toxicity

by caffeine

The dose dependence of the neuroprotective effect of caffeine in
the MPTP model of PD was first compared between intact male
and female mice.

Young mice

MPTP treatment depleted the striatal dopamine level measured 1
week later down to 38% of control (saline treated) in ~10-week-
old male mice (Fig. 1A). Caffeine pretreatment attenuated
MPTP-induced dopamine loss in a dose-dependent manner in
these young males, with a maximal effect (of doubling residual
dopamine levels) achieved at 10 mg/kg. In female mice of the
same age, MPTP depleted striatal dopamine levels to 62% of
control levels (in saline-treated females). This reduction is signif-
icantly less than that observed in their male counterparts (p <
0.05), agreeing with previous reports (Brooks et al., 1989; Freyal-
denhoven et al., 1996; Miller et al., 1998) that MPTP induced less
dopaminergic toxicity in female than male mice. However, in
contrast to male mice, female mice showed no attenuation of
MPTP toxicity after lower doses (5, 10, or 20 mg/kg) of caffeine
pretreatment. Only the highest dose (40 mg/kg) of caffeine pro-
tected against MPTP. Simultaneous measurement of DOPAC
(supplemental Fig. 1 A, available at www.jneurosci.org as supple-
mental material), the major metabolite of dopamine in mouse,
revealed that lower doses of caffeine pretreatment (10 or 20 mg/
kg) significantly attenuated MPTP-induced depletion in male
mice, whereas only the highest dose of caffeine pretreatment (40
mg/kg) provided similar protection in female mice.

Retired breeders

We also examined the neuroprotection of caffeine against MPTP
toxicity in older (6—9 months old) retired breeder mice (Fig. 1 B).
Because these mice have passed their peak reproductive age, their
comparison may be more relevant to gender differences in epi-
demiological studies of PD, which is usually diagnosed in people
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Figure 1. (affeine dose-dependently attenuates MPTP-induced dopamine depletion in
male but not female (57BL/6 mice, either young (~10 weeks old; A) or retired breeder (6 -9
months old; B). Caffeine (5—40 mg/kg, i.p.) or saline was administered 10 min before a single
dose of MPTP (40 mg/kg, i.p.; n = 4-12) or saline (n = 3—6). One week later, striatal dopa-
mine content was determined. The bars represent striatal dopamine levels (mean = SEM)
calculated as a percentage of their respective controls (i.e., S+ S group). The dopamine concen-
trations (in picomoles per milligram of tissue) of these controls are 71.8 = 2.4and 70.6 = 2.6
(A) and 80 == 9.and 92 = 9.8 (B) for males and females, respectively. Data were analyzed by
two-way ANOVA, followed by Fisher's LSD test. 4, *p << 0.05, **p << 0.01, and ***p < 0.001
compared with the respective S+M group; *p << 0.05 compared with the respective (5+M
group; "p << 0.05 compared with S+ M in male mice; ©p << 0.01 compared with (40-+Min
malemice. B, *p << 0.05and **p < 0.01 compared with the respective S+Mgroup; *p << 0.05
compared with the respective C10+Mgroup; ©p << 0.05 compared with (40+Min male mice.
S, Saline; M, MPTP; (5— 40, caffeine at 5—- 40 mg/kg.

>50 years old. Not surprisingly, MPTP treatment induced a
greater biochemical lesion in older mice for either gender (Fig. 1,
compare A, B), as reported previously (Irwin et al., 1992). In male
retired breeders, MPTP treatment depleted striatal dopamine
levels to 8% of unlesioned controls (Fig. 1 B). As in the younger
male mice, caffeine pretreatment =10 mg/kg again significantly
attenuated MPTP-induced dopamine depletion. In female re-
tired breeders, MPTP treatment depleted striatal dopamine levels
to 23% of control levels. Again, female retired breeder mice also
showed less MPTP toxicity compared with that of male mice.
However, just as in young mice, pretreatment with only the high-
est dose of caffeine (40 mg/kg) significantly attenuated the dopa-
mine loss. Caffeine pretreatment, at all doses tested (10, 20, or 40
mg/kg), also attenuated loss of DOPAC in male mice, whereas
only higher doses provided similar protection in female mice
(supplemental Fig. 1B, available at www.jneurosci.org as supple-
mental material).

Ovariectomy increases the potency of the protective effect

of caffeine

To investigate whether the gender difference in the neuroprotec-
tive effects of caffeine may relate to differences in female hor-
mone status, we examined the effect of caffeine on MPTP toxicity
in young female mice whose ovaries, the main site of female
hormone production, were removed (OVX) or in sham-operated
female littermates (Fig. 2). MPTP treatment depleted striatal
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Figure2.  Alow dose of caffeine attenuates MPTP-induced dopamine depletion in OVX but

not sham-operated young female mice. Ten days after ovariectomy or sham operation, mice
received caffeine (5 or 20 mg/kg, i.p.) or saline administration 10 min before a single dose of
MPTP (40 mg/kg, i.p.; n = 8) or saline (n = 5-7). One week later, striatal dopamine content
was determined. The bars represent striatal dopamine levels (mean * SEM) calculated as a
percentage of their respective controls (i.e., S+ S group). The dopamine concentrations of these
controls are 61 == 3.7 and 67 = 2.7 pmol/myg of tissue for OVX and sham mice, respectively.
Data were analyzed by two-way ANOVA, followed by Fisher's LSD test. **p << 0.01and ***p <
0.001 compared with the respective S-+M group; *p << 0.001 compared with the respective
(5+M group; ®p < 0.01 compared with (5+M in OVX mice. S, Saline; M, MPTP; C5 or (20,
caffeine at 5 or 20 mg/kg.

dopamine levels in both OVX and sham-operated mice. How-
ever, the lower dose of caffeine tested significantly increased re-
sidual striatal dopamine levels only in OVX females (Fig. 1,
males). In contrast, sham-operated females (like intact females)
required pretreatment with a higher dose of caffeine for attenu-
ation of MPTP-induced dopamine loss.

Estrogen attenuates the neuroprotection of caffeine in
ovariectomized female mice

Young mice

To determine whether estrogen, the main female sex hormone,
can account for the above-identified ovarian influence on neuro-
protection by caffeine, we examined the effect of prolonged es-
trogen replacement on neuroprotection by caffeine in female
mice depleted of endogenous estrogen (Fig. 3A). These OVX
mice were implanted with subcutaneous pellets containing pla-
cebo or estrogen (17B-estradiol), which is continuously released
to maintain steady-state concentrations for 21 d. MPTP treat-
ment reduced striatal dopamine content to 27% of control in
placebo-treated mice (OVX+P). The same MPTP exposure in
OVX mice treated with estrogen pellets (OVX+E) depleted stri-
atal dopamine levels, but to a significantly lesser extent (down to
39% of control), consistent with previous reports (Dluzen et al.,
1996; Miller et al., 1998). In these OVX+P mice, pretreatment
with caffeine, both at 10 and 20 mg/kg, significantly attenuated
MPTP-induced striatal dopamine loss. In mice that were receiv-
ing estrogen replacement (OVX+E), however, only the higher
dose of caffeine (20 mg/kg) provided significant protection. The
striatal levels of DOPAC (supplemental Fig. 2A, available at
www.jneurosci.org as supplemental material) demonstrated a
similar phenomenon.

Retired breeders

To better model estrogen replacement in the menopausal state, a
parallel experiment was conducted in retired breeder (rather than
young) mice (Fig. 3B). Again, estrogen by itself significantly at-
tenuated MPTP-induced striatal dopamine loss. MPTP depleted
dopamine levels to 23% of control in OVX+P mice, whereas it
reduced them to 36% of control in OVX+E mice. In keeping with
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Figure 3.  (affeine attenuates MPTP-induced dopamine depletion in OVX female mice re-
ceiving placebo (OVX+P) but not estrogen (OVX+-E) replacement (A, young mice; B, retired
breeders). Ten days after ovariectomy, mice were implanted with placebo or estrogen pellets
(17 B-estradiol, 0.1 mg per pellet, 21 d release) subcutaneously. Ten days later, caffeine (5-40
mg/kg, i.p.) or saline was administered 10 min before asingle dose of MPTP (40 mg/kg, i.p.;n =
6—15) orsaline (n = 3—6). Striatal dopamine content was determined 1 week after MPTP. The
bars represent striatal dopamine levels (mean % SEM) calculated as a percentage of their
respective controls (i.e., S+ S group). The dopamine concentrations (in picomoles per milligram
of tissue) of these controls are 72 == 4and 78 = 4.7 (4) and 78.9 == 7.3and 73.9 = 7.7 (B) for
males and females, respectively. Data were analyzed by two-way ANOVA, followed by Fisher's
LSD test. 4, **p << 0.01 and ***p < 0.001 compared with the respective S+M group; *p <
0.05 compared with the respective (5+Mand C10-++M groups; *p < 0.05 compared with the
respective S+M or (5+M in OVX+P mice. B, *p << 0.05, **p < 0.01, and ***p < 0.001
compared with the respective S+M group; *p << 0.001 compared with the respective (5+M,
(10+M, or C20+M group; ®p << 0.05 compared with C40+M in OVX+P mice. S, Saline; M,
MPTP; (5— 40, caffeine at 5— 40 mg/kg.

observations in young mice, caffeine pretreatments (5, 20, or 40
mg/kg) significantly attenuated MPTP-induced dopamine loss in
the OVX+P retired breeder mice, with complete reversal
achieved at the highest dose of caffeine. However, in the setting of
estrogen replacement in these OVX retired breeders, caffeine pre-
treatment did not confer protection at any dose tested. The mea-
surement of DOPAC (supplemental Fig. 2 B, available at www.
jneurosci.org as supplemental material) yielded a similar set of
findings, with caffeine pretreatment (20 or 40 mg/kg) signifi-
cantly reducing DOPAC loss in OVX+P but not OVX+E mice.
Together, these results demonstrate that estrogen replacement
can reduce or abolish the neuroprotective effect of caffeine on
MPTP toxicity in young and older OVX females.

Estrogen can prevent neuroprotection by caffeine in

male mice

The above effects of manipulating endogenous and exogenous
estrogen in female mice suggest that estrogen status may be the
key factor accounting for the gender difference in the neuropro-
tective action of caffeine in the MPTP model of PD. To determine
whether the neuroprotective effect of caffeine in males indeed
relies on the absence or relatively low levels of estrogen, we as-
sessed the effects of caffeine on MPTP toxicity in male mice im-
planted with placebo or estrogen pellets (Fig. 4). MPTP treatment
depleted striatal dopamine levels to 44% and 55% of their respec-
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Figure 4.  (affeine attenuates MPTP-induced dopamine depletion in young male mice re-
ceiving placebo but not estrogen treatment. Mice were implanted with placebo or estrogen
pellets. Ten days later, caffeine (10— 40 mg/kg, i.p.) or saline was administered 10 min before
asingle dose of MPTP (40 mg/kg, i.p.; n = 8-9) or saline (n = 3). Striatal dopamine content
was determined 1 week after MPTP. The bars represent striatal dopamine levels (mean = SEM)
calculated as a percentage of their respective controls (i.e., S+S group). The dopamine concen-
trations of these controls are 79 = 10.6 and 80.6 == 4.2 pmol/mg of tissue for placebo- and
estrogen-treated mice, respectively. Data were analyzed by two-way ANOVA, followed by Fish-
er's LSD test. *p << 0.05 and **p << 0.01 compared with the respective S-+M group. S, Saline;
M, MPTP; C10 - 40, caffeine at 10 — 40 mg/kg.

tive control level in male mice pretreated for 21 d with placebo or
estrogen, suggestive of a mild protective estrogen effect as repeat-
edly observed above. In the placebo-implanted males, caffeine
pretreatments significantly attenuated striatal dopamine loss.
However, no dose of caffeine pretreatment protected the male
mice treated with estrogen pellets. These results demonstrate that
estrogen can abolish the neuroprotection of caffeine not only in
female mice but also in male mice.

The effect of estrogen on caffeine metabolism in
ovariectomized female mice

As a first step to understanding the mechanism of the influence of
estrogen on neuroprotection by caffeine, we measured the brain
levels of caffeine (trimethylxanthine) and its major demethyl-
ation metabolites (dimethylxanthines; i.e., paraxanthine, the-
ophylline, and theobromine) at multiple time points after treat-
ment with caffeine in OVX retired breeder female mice treated
with placebo or estrogen pellets. Because estrogen status most
consistently modulated the protective effect of lower doses of
caffeine, we assessed the effect of estrogen on the CNS pharma-
cokinetics of caffeine administered intraperitoneally at 5 mg/kg
(Fig. 5A). Brain concentrations of caffeine, which were maximal
within 10 min of injection and declined with a half-life of ~50
min, were indistinguishable between the estrogen and placebo
groups at all time points measured. When caffeine was adminis-
tered at this low dose, the concentrations of its metabolites were
below the limits of reliable detection. There was no measurable
caffeine after saline injection.

As demonstrated above (Fig. 3B), in these OVX retired
breeder mice, caffeine pretreatments attenuated dopamine de-
pletion in placebo-treated but not in estrogen-treated mice, with
the biggest difference found in the 40 mg/kg caffeine group.
Therefore, we also determined brain concentrations of caffeine
and its metabolites after intraperitoneal injection of caffeine at 40
mg/kg (Fig. 5B). There was no difference in brain caffeine con-
centrations between OVX+E and OVX+P mice. There was a
small effect of estrogen on brain paraxanthine concentrations,
which were slightly but significantly higher in OVX+P than in
OVX+E mice at 120, 180, and 360 min. There was also a minor
effect on brain theophylline concentrations, which were slightly
higher in OVX+P than OVX+E mice 60 min after caffeine in-


Michael Schwarzschild
Appendix N


Xuet al. o Estrogen, Caffeine, and MPTP Toxicity

A. Caffeine 5 mg/kg

E‘ 6000 - —8—0OVX+E

2 —O—OVX+P

£ 4000 1

=

% 2000 4

© 0 T T r 1
10 30 60 120

B. Caffeine 40 mg/kg

Z 40000 -
B 30000 -
E 20000 -
£ 10000 -
< 0
2 1600 - - sk
= 1200
Z o2 800 #
g 400 -
0 . ' ' ' ' ' .
10 30 60 120 180 240 360
2 1600 - F
= 1200 -
£ £ 800 -
: - 400 4
& 0 r . r . r T .
10 30 60 120 180 240 360
E 1600 -
g = 1200
22 800 -
=) 400 -
0 ' ' ' r ' ' ]

10 30 60 120 180 240 360

Time (min) after caffeine injection

Figure 5.  (affeine metabolism is not changed by estrogen replacement in OVX retired
breeder female mice. Ten days after ovariectomy, mice were implanted with placebo or estro-
gen pellets. Caffeine (5 or 40 mg/kg, i.p.) was administered 10 d after pelletimplantation. Brain
concentrations of caffeine and its metabolites were measured at 10, 30, 60, 120, 180, 240, or
360 min after injection (n = 5 for each time point). A, Brain caffeine concentration after intra-
peritoneal 5 mg/kg caffeine. The levels of metabolites are below the detection limit. B, Brain
concentrations of caffeine, paraxanthine, theophylline, and theobromine, respectively, after
intraperitoneal 40 mg/kg caffeine. Data were analyzed by two-way ANOVA, followed by Fisher’s
LSD test. *p << 0.05 and **p << 0.01 compared with the respective estrogen-treated group.

jection. There was no difference in brain theobromine concen-
trations after caffeine injection. Thus, exposure to estrogen, un-
der conditions that attenuated the neuroprotective effect of
caffeine, had no effect on brain concentrations of caffeine. More-
over, the overall concentrations of the three caffeine dimethyl
metabolites even when combined are much (an order of magni-
tude) lower than that of caffeine such that the slight differences in
metabolite concentrations found at some time points are not
sufficient to explain the difference in caffeine neuroprotection
between OVX+E and OVX+P mice.

Discussion

The present data reveal a novel interaction between estrogen and
caffeine in a mouse model of PD, an interaction that recapitulates
the relationship between estrogen and caffeine exposures in the
human epidemiology of PD. In male but not female mice, low
doses of caffeine attenuated MPTP-induced depletion of striatal
dopamine and DOPAC content, functional markers of the nigro-
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striatal neurons that degenerate in PD. Remarkably, neuropro-
tection by low doses of caffeine was abolished in the presence of
estrogen (either endogenous or exogenous) in young and retired
breeder OVX female mice. Moreover, estrogen placement in
male mice effectively replicated the female phenotype of attenu-
ated neuroprotection by caffeine.

Estrogen treatment by itself protects against MPTP toxicity
Our data, in agreement with previous reports (Brooks et al., 1989;
Freyaldenhoven et al., 1996; Miller et al., 1998), demonstrated
that MPTP induced greater striatal dopamine loss in male than
female mice. These experimental findings are consistent with ep-
idemiological studies, which have generally demonstrated a
higher prevalence of PD in men than women (Dluzen et al., 1998;
Baldereschi et al., 2000; Ascherio et al., 2001, 2004). The gender
differences observed in PD patients and animal models support
the possibility that estrogen may play a protective role in dopa-
minergic neurodegeneration. Indeed, our current data confirm
the neuroprotective effect of estrogen replacement therapy in this
mouse model of PD (Dluzen et al., 1996; Callier et al., 2001;
Ramirez et al., 2003).

Attenuation of MPTP toxicity by caffeine is diminished in the
presence of estrogen

The current data confirm our previous findings (Chen et al.,
2001; Xu et al., 2002a,b) that caffeine dose-dependently attenu-
ates MPTP-induced striatal dopamine loss in male mice. More-
over, our data demonstrate that this phenomenon persists as an-
imals age. These findings support a biological basis for a causal
epidemiological correlation between caffeine consumption and
reduced risk of developing PD.

Strikingly, the protection by lower doses of caffeine against
MPTP-induced dopamine depletion was lost in female mice. The
gender difference in the dose-response relationship of caffeine
with neuroprotection can be described pharmacologically as a
reduction in the potency of caffeine in female compared with
male mice. In both young and retired breeder mice (Fig. 1), an
ED;, value of =5 mg/kg is apparent in males compared with =20
mg/kg in females. As we discussed above, female mice are less
vulnerable than males to MPTP toxicity, raising the possibility
that attenuated protection by caffeine in females may also reflect
a “ceiling effect” rather than reduced potency. However, the loss
of protection in both moderate and severe lesions together with
repeatedly significant protection achieved by the highest dose of
caffeine in female mice of different ages argue against an impen-
etrable ceiling and support a lower potency in females. The cur-
rent data correlate well with the epidemiological studies that
showed no inverse association between caffeine or coffee intake
and risk of PD in women (Benedetti et al., 2000; Ascherio et al.,
2001). The neuroprotection observed in female mice was re-
stricted to the highest caffeine dose of 40 mg/kg and may not be
relevant to PD epidemiology. This dose in rodents may be com-
parable to a human exposure to the caffeine in some 10 cups of
coffee (Fredholm et al., 1999), which exceeds the daily consump-
tion of almost any human subject in PD epidemiology studies.

The most notable finding of the current study is that the pres-
ence of the major female steroid hormone estrogen prevents neu-
roprotection by caffeine (or reduces its potency) in female and
male mice. The estrogen effects observed in young mice were
more robust in mice past their reproductive prime, highlighting
the relevance of these findings to epidemiological studies linking
PD risk to caffeine and estrogen exposures of middle-aged adults.
These data systematically demonstrate that estrogen treatment
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attenuates the protection of caffeine against MPTP toxicity in this
mouse model of PD, providing a possible biological basis for the
epidemiological findings that an interaction between estrogen
and caffeine exposure modulates the risk of PD (Ascherio et al.,
2003, 2004).

Mechanism of interaction between caffeine and estrogen

In pursuing the mechanism, a pharmacokinetic or metabolic in-
teraction is an important consideration. Human data (Pat-
wardhan et al., 1980; Abernethy and Todd, 1985; Pollock et al.,
1999) have demonstrated that caffeine metabolism is inhibited in
women taking estrogen-containing oral contraceptives or estro-
gen replacement therapy after menopause, suggesting that the
actions of caffeine would be enhanced rather than attenuated by
estrogen. However, our data show no difference in brain caffeine
concentrations over the time course (extending beyond three
half-lives) of measurement in OVX retired breeder female mice
treated with either estrogen or placebo.

Interestingly, two metabolites of caffeine (paraxanthine and
theophylline) have been shown to provide protection against
MPTP-induced dopaminergic toxicity with potencies compara-
ble to caffeine (Xu et al., 2002b). So paradoxically, delaying or
inhibiting the metabolism of caffeine could result in a decreased
level of these metabolites, which might cause reduced protection
against neurotoxicity after estrogen therapy in human or ani-
mals. In the present study, however, although there were slight
differences in the brain concentrations of paraxanthine and the-
ophylline between estrogen- and placebo-treated mice, the levels
of these metabolites were much lower (>25 times) than that of
caffeine, therefore arguing against their involvement.

It is interesting that although both estrogen and caffeine indi-
vidually protect nigrostriatal dopaminergic neurons, when com-
bined, estrogen diminished the potency (rather than enhancing
the efficacy) of the neuroprotective action of caffeine. This find-
ing suggests that these two agents may work through a common
mechanism to prevent MPTP toxicity. Estrogen may compete
with caffeine for its activation of a protective pathway, effectively
“occluding” the pathway and shifting the dose—response curve of
caffeine for neuroprotection to the right. It is worth noting that
estrogen and caffeine as well as MPTP share a cytochrome P450,
CYP1A2, for their metabolism or detoxification (Gu et al., 1992;
Tassaneeyakul et al., 1994; Yamazaki et al., 1998; Forsyth et al.,
2000). Therefore, metabolism of caffeine and/or estrogen could
alter MPTP metabolism. However, because CYP1A2 contributes
to hepatic detoxification of MPTP (Forsyth et al., 2000), compe-
tition for this enzyme by caffeine or estrogen would be expected
to exacerbate rather than ameliorate MPTP toxicity. Moreover,
because the brain MPTP levels were unaffected by acute caffeine
treatment (Chen et al., 2001), it is unlikely that estrogen modu-
lates the protection of caffeine through its action on MPTP me-
tabolism. Alternatively, estrogen may noncompetitively inhibit
the neuroprotective effect of caffeine while it provides its own
independent protection effect. Our findings that higher doses of
caffeine generally produce additional protection, however, argue
against a simple noncompetitive inhibition.

Caffeine at the doses used in the present study, which pro-
duced peak brain concentrations of ~4-40 wg/ml, most likely
functions as an antagonist of adenosine A, and A,, receptors
(Fredholm et al., 1999). Our previous study (Chen et al., 2001)
indicates that the attenuated neurotoxicity of caffeine likely in-
volves its antagonism at the A, , receptor (A,,R). Therefore, es-
trogen might directly modulate the neuroprotection by caffeine
through an action on the A, R, although there is no information

Appendix N

Xuet al. @ Estrogen, Caffeine, and MPTP Toxicity

currently on such an interaction. It is reported (Rose’Meyer et al.,
2003) that A, 4R expression is significantly decreased after OVX.
However, we found no difference in striatal A,,R binding densi-
ties between OVX mice treated with estrogen and placebo (data
not shown). Among the potential mechanisms for neuroprotec-
tion by caffeine (and more specific A, , antagonists (for review,
see Xu et al., 2005), the attenuation of glutamate release and of
resultant excitotoxicity may be a protective mechanism shared
with estrogen (O’Neill et al., 2004; Ritz et al., 2004; Saleh et al.,
2004). Interestingly, it has been reported that estrogen can alter
dopamine D, receptor (D,R)/G-protein coupling (Levesque and
Di Paolo, 1993; Thompson and Certain, 2005) and D,R affinity
(Di Paolo et al., 1988). Because it is well known that A, ,Rs colo-
calize with D,Rs in the basal ganglia and interact with each other
closely (for review, see Xu et al., 2005), it is possible that estrogen
could modulate A, R through its action on D,R. Whether these
or other shared mechanisms of neuroprotection by caffeine and
estrogen can account for their interaction in the MPTP model
and in the epidemiology of PD remains to be clarified.

Relevance of an estrogen—caffeine interaction for PD

The attenuation of the neuroprotective effect of caffeine by estro-
gen in the MPTP model of PD establishes a potential neural basis
for the epidemiological association between estrogen replace-
ment therapy, caffeine consumption, and risk of developing PD
in women. This convergence of laboratory and human epidemi-
ological findings strengthens the contention that widely used ex-
ogenous estrogen, which may provide neuroprotection by itself,
interacts with the nearly ubiquitously consumed A, , antagonist
caffeine to modify the risk of developing PD. The present study
also establishes an animal model of this interaction in humans,
along with the opportunity to pursue its molecular mecha-
nism(s). In addition, the cumulative evidence for this interaction
is sufficiently compelling to influence the design and interpreta-
tion of neuroprotection trials of estrogen or caffeine currently
underway or under consideration (Ravina et al., 2003). Ulti-
mately, a better understanding of the interplay between environ-
mental factors like caffeine and estrogen may suggest effective
preventative as well as therapeutic strategies for this neurodegen-
erative disorder.
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The adenosine A, receptor has emerged as an attractive
non-dopaminergic target in the pursuit of improved ther-
apy for Parkinson’s disease (PD), based in part on its
unique CNS distribution. It is highly enriched in striato-
pallidal neurons and can form functional heteromeric
complexes with other G-protein-coupled receptors,
including dopamine D,, metabotropic glutamate mGlus
and adenosine A, receptors. Blockade of the adenosine
A,p receptor in striatopallidal neurons reduces postsy-
naptic effects of dopamine depletion, and in turn lessens
the motor deficits of PD. A,, antagonists might partially
improve not only the symptoms of PD but also its course,
by slowing the underlying neurodegeneration and redu-
cing the maladaptive neuroplasticity that complicates
standard ‘dopamine replacement’ treatments. Thus,
we review here a prime example of translational
neuroscience, through which antagonism of A,
receptors has now entered the arena of clinical trials with
realistic prospects for advancing PD therapeutics.

Introduction

Current pharmacotherapy for Parkinson’s disease (PD)
can be accurately described as both highly effective and
largely inadequate. On the one hand, the dramatic efficacy
of standard anti-parkinsonian drugs can be the stuff of
Hollywood movies, as when the body of an immobilized
patient played by Robert De Niro is ‘awakened’ by L-dopa in
the 1990 film Awakenings. The characteristic bradykinesia
(slowness), rigidity and tremor of PD are primarily due to
an underlying degeneration of dopaminergic nigrostriatal
neurons and the resultant depletion of striatal dopamine.
Repleting endogenous dopamine using its precursor L-dopa
and mimicking it using dopamine agonists constitute
‘dopamine replacement’ strategies — the mainstay of
current treatment. By boosting dopamine-mediated trans-
mission, these strategies can dramatically (albeit partially)
alleviate the motor deficits in PD.

On the other hand, none of the currently approved
anti-parkinsonian agents has been found to alter the under-
lying degeneration of dopaminergic neurons. Thus, after
several years of gratifying improvement using dopamine-
replacement therapy, PD patients typically experience
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great frustration as neuronal loss and symptoms inexorably
progress. As the disease advances, disability is often com-
pounded further by the development of 1L-dopa-triggered
involuntary jerking and writhing movements known as
dyskinesias. Eventually, most will also suffer from non-
motor complications of both the dopaminergic treatments
and the disease itself; such complications include sleep
disturbance, depression, dementia and psychosis.

The inadequacies and adverse effects of drugs that
target the dopaminergic system have prompted a search
for alternative or adjunctive approaches that can modulate
basal ganglia motor circuitry with a reduced risk of
side effects. Antagonists of adenosine Ay receptors have
recently emerged as a leading candidate class of non-
dopaminergic anti-parkinsonian agents, based in part on
the unique CNS distribution of the Ajs receptor
(Figure 1a). As we review here, promising preclinical fea-
tures have not only led to clinical trials of Ay receptor
antagonists as a novel symptomatic therapy for PD, but
also raised the possibility of neuroprotective and anti-
dyskinetic benefits.

A, antagonists as symptomatic anti-parkinsonian
therapy

Neurochemical evidence that Ajs receptors functionally
oppose the actions of dopamine Dy receptors on GABAergic
striatopallidal neurons [1-3] (Figure 1b,c; Box 1) raised the
possibility that A;4 antagonists might boost the anti-par-
kinsonian action of dopamine-replacement strategies.
Indeed, behavioral studies of hemi-parkinsonian rats, in
which the dopaminergic nigrostriatal pathway had been
lesioned on one side by 6-hydroxydopamine (6-OHDA),
revealed that blockade of A, receptors markedly
increased the number of contralateral rotations induced
by a threshold dose of L-dopa or by stimulation of dopamine
receptors; Fos-like immunoreactivity in the dorsal stria-
tum and globus pallidus was also increased [4-7]. These
results provided the first indication that blockade of Ajp
receptors, by potentiating dopamine transmission, might
contribute to restoring the motor impairment observed in
models of PD. Importantly, in contrast to the non-specific
adenosine antagonist caffeine, which can lose its motor-
stimulant effect with repeated exposure, Ass antagonists
did not produce tolerance effects after sub-chronic treat-
ment in PD models [8,9].
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Figure 1. Unique CNS localization of adenosine A, receptors at multiple levels
contributes to the therapeutic potential of A,a antagonists for PD. (a) Regional
localization of brain A, adenosine receptors versus other non-dopamine
receptors that are targeted in PD: the basis for the relatively low risk of CNS side
effects from A, antagonists. Brain expression patterns are shown for subtypes of
receptors for three neurotransmitters that modulate dopamine-mediated
neurotransmission. A,a receptors are highly enriched in the striatum, with very
low (but possibly functionally significant) levels in the cortex and other brain
regions. By contrast, other receptors targeted by current non-dopamine anti-
parkinsonian drugs are widely distributed in the brain. Agents that block
muscarinic ACh receptors and amantadine, which blocks the function of
ionotropic glutamate receptors, improve PD symptoms but are often intolerable
owing to cognitive and other CNS side effects, as would be expected from the
broad expression of these receptors in the cortex and other extra-striatal brain
regions. Increasing density of specific radioligand binding to each receptor
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The ability of Ay antagonists to reverse parkinsonian
deficits consistently in non-human primates [8,10] in addi-
tion to rodents led to clinical trials in PD patients that had
encouraging, if modest, initial results [11,12] (reviewed
in depth in Ref. [13]). These studies demonstrated sympto-
matic improvement in patients with relatively advanced
PD, who had already developed dyskinetic motor
complications. Pairing KW-6002, a well-characterized
xanthine-based A5 antagonist, with a reduced dose of 1-
dopa produced symptomatic relief comparable to that pro-
duced by an optimal dose of L-dopa alone but with less
dyskinesia [11]. However, when paired with a full dose of
L-dopa, KW-6002 improved symptoms further only under
some circumstances and perhaps slightly exacerbated
dyskinesia [11-13].

Like bradykinesia, two other cardinal motor features of
PD might also improve with A;a blockade. Muscle rigidity,
manifest clinically as increased resistance to passive move-
ment, is an early and progressive sign of PD. In rodents,
muscle rigidity induced by the dopamine-depleting agent
reserpine can be reduced by an A;x antagonist or elimi-
nated by a synergistic combination of L-dopa plus Agas
antagonist [14]. Parkinsonian rest tremor, which is rela-
tively resistant to dopamine-replacement therapy, might
also be targeted by Asx antagonists. In rodent models of
parkinsonian tremor, A4 antagonists counteracted tremu-
lous movements [15,16], in agreement with data from a
recent clinical trial indicating that the combination of the
A, antagonist KW-6002 and a subthreshold dose of L-dopa
counteracted resting tremor more effectively than they did
other cardinal symptoms of PD [11]. Moreover, the intras-
triatal infusion of the water-soluble non-xanthine Ass
antagonist SCH BT2 demonstrated that, although the
effects of Ags antagonists on tremor are exerted through-
out the whole striatum, the ventrolateral portion is the
area most involved in this effect [16].

The mechanism by which Ay antagonists improve
parkinsonian motor dysfunction probably involves their
direct inhibitory influence on striatopallidal neurons, which
coexpress Asa and Dy receptors [17,18]. The blockade of Agp
receptors on these neurons offsets the hypolocomotor effect
of lost dopamine stimulation at striatal Dy receptors
(Figure 2), accounting for much of the symptomatic

subtype is represented by the color scale on the far right, and is shown in coronal
sections from the caudal, mid and rostral rat brain (at the levels of the pons,
hippocampus and striatum, respectively). Adapted, with permission, from Refs
[13,73]. (b) Cellular localization of A,a receptors within the striatum: the basis for
anti-parkinsonian action of Aya antagonists. In the striatum, A,a receptors are
largely restricted to GABAergic neurons that express dopamine D, receptors (DsR)
and enkephalin (Enk) [17,18] and project to the globus pallidus. By contrast, the
striatal GABAergic neurons that project to the substantia nigra are enriched for D,
receptors (D4R) and dynorphin (Dyn) but do not appreciably express A,a receptors.
Inhibition of the striatopallidal neurons by A,s antagonism likely reduces motor
deficits caused by dopamine deficiency in PD (Figure 2). (¢) Molecular environment
of A,a receptors: a possible opportunity for leveraging anti-parkinsonian effects.
Aa receptors activate adenylate cyclase and generally stimulate neuronal activity.
They can form heteromers with inhibitory (G;-coupled) D, receptors [55,56,58] and
stimulatory metabotropic glutamate mGlus receptors (mG5) [65] to attenuate (thin
broken downward arrow) or amplify (thick solid downward arrow) their respective
signaling pathways. Functional heteromeric interactions can be direct
(bidirectional arrows) or indirect (through downstream signaling, as indicated),
and can open new avenues for enhancing anti-parkinsonian actions of Aja
antagonists (Box 1). The interactions might occur postsynaptically, as schematized
here on striatopallidal neurons, or presynaptically to modulate neurotransmitter
release [66].
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Box 1. Receptor heteromerization: a key advance in A,5 neurobiology

A fuller understanding of the biology of the A, receptor, particularly
its molecular interactions with other neurotransmitter receptors, will
refine our ability to target it for the treatment of PD and other CNS
disorders. The discovery of functional heteromeric receptor com-
plexes (receptor mosaics) comprising the A,a receptor and other G-
protein-coupled receptors (Figure 1c of the main text) constitutes a
major advance in adenosine neurobiology and creates new opportu-
nities to leverage the anti-parkinsonian actions (both symptomatic
and disease-modifying) of A, antagonists [52,53].

Asp-D5 heteromers

Coimmunoprecipitation studies have demonstrated the existence of
constitutive A,o—D, complexes at the sites of colocalization [52,54,55].
Direct physical evidence for A,p—D, heteromers in addition to Aja
homodimers within the plasma membrane came from fluorescent and
bioluminescent resonance energy transfer (FRET and BRET) analyses,
indicating that <10 nm separates the receptors [56-58]. The stoichio-
metry of the A,o—D, heteromers remains unknown and they could be
dimers or higher-order A 5-D, hetero-oligomers, which might help to
explain antagonistic membrane-level (and ultimately behavioral) inter-
actions between the A,5 and D, receptors. For example, an A a-D»
trimer containing a D, receptor dimer and an A, monomer could
account for the observed increase in the K4 value of D, agonist binding
sites if A,o monomer activation were to enhance negative cooperativity
between the dimeric D, components [53,54]. A,a receptor activation can
produce this direct molecular inhibition of D, receptors and might also
reduce D, coupling to G; [52], suggesting that molecular interactions
between A, and D, receptors are important for the anti-parkinsonian
actions of A,a antagonists. However, the fact that A,5 antagonists
improve parkinsonian motor deficits in the absence of the D, receptor
(albeit to a lesser extent than in its presence) [59,60] indicates that a
mechanism other than A;a-D, heteromerization also contributes to
their anti-parkinsonian properties.

Asp-D3 heteromers

Similarly, evidence for functional A,o—-Ds heteromers has recently
been obtained in cells cotransfected with A, and D3, using FRET and
by activating A,a receptors, which reduced both the affinity of D3
agonist-binding sites and D3 signaling [61]. Because D3 dimers and
tetramers exist in the brain [62], one can envisage the existence of
higher-order A,s—D3; hetero-oligomers, in which cooperativity be-
tween multimeric D3 components might be modulated by an Aa
receptor within the receptor mosaic.

Aop-mGlus heteromers

Ao receptors have also been found to partner with non-dopamine
receptors — most notably the metabotropic glutamate receptor mGlus,
which itself is candidate target for new symptomatic and neuroprotec-
tive anti-parkinsonian therapies. Evidence that A, and group | mGlu
receptor agonists, including mGlus agonists, could synergistically
reduce the affinity of the D, agonist-binding sites in striatal
membranes [63,64] was followed by physical (coimmunoprecipitation)

evidence that A;n and mGlus form heteromeric receptor complexes
[65]; such complexes might explain the synergy between A,s and
mGlus antagonists. This was supported by observations of a high
degree of A,a and mGlus colocalization in striatal neurons in primary
cultures [52] (Figure la of this box), and more recently in glutamatergic
nerve terminals in the striatum [66]. Coactivation of the A,4 and mGlus
receptors caused a synergistic interaction at the level of c-fos
expression and phosphorylation of extracellular signal regulated kinase
(ERK) and dopamine- and cAMP-regulated phosphoprotein of 32 kDa
(DARPP-32), indicating a role for A,p~-mGlus complexes in striatal
plasticity [65,67]. Combined A,n and mGlus receptor activation can
also produce synergistic cellular effects on striatal output neurons in
vivo (Figure 1c of the main text), as demonstrated by a greater than
additive increase in GABA release from ventral striatopallidal neurons
after local perfusion of both Ayo and mGlus agonists (Figure Ic of this
box) [68].

Azp—Do-mGlus heteromers as therapeutic targets for PD

The discovery of heteromeric A,p—D, complexes has added to the
substantial evidence for antagonistic molecular, cellular, electrophy-
siological and behavioral interactions between A5 and D, receptors,
and strengthens the rationale for anti-parkinsonian strategies that
simultaneously block adenosine A, receptors and stimulate dopa-
mine (D, and D,) receptors [52,54]. In retrospect, the initial clinical
efficacy of A,a antagonism when tested as an adjunct to standard
dopamine therapy (but not when tested as a monotherapy) in
relatively advanced PD [11] might reflect the benefits of dual
targeting. Notably, one might predict the greater likelihood of success
using Aoa-antagonist monotherapy in earlier disease, when higher
levels of residual endogenous dopamine provide greater tonic D,
receptor activation.

Similarly, the discovery of functional A,,—~mGlus interactions and
heteromeric complexes catalyzed research into the synergistic anti-
parkinsonian potential of combining A,n and mGlus antagonists
[69,70] (Figure Ic of this box). The additional finding that mGlus-
antagonist-induced motor activation requires A,n and D, receptors
[70] highlights the interdependence of these three receptors in
modulating motor function. It also supports the concept of Aa-D,—
mGlus receptor mosaics [52,71]. These might integrate multiple
signals converging on striatopallidal GABAergic neurons, and
suggests future opportunities for leveraging the anti-parkinsonian
actions of A,a antagonists.

Lastly, there is now physical and functional evidence that hetero-
meric A;—A,a receptors can form both in receptor-overexpressing cell
lines and in the striatum [72]. This study suggests that, just as in Aja—
D, receptor interactions, negative cooperativity could explain why Aja
receptor stimulation might reduce A, receptor binding of adenosine,
and thus reduce Aji-mediated inhibition of presynaptic glutamate
release. Conversely, through such an interaction an A,5 antagonist
might increase binding of adenosine to its A; receptor, and thus
amplify the inhibition of glutamate release, potentially alleviating
excitotoxic injury to dopaminergic neurons.
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Figure I. A,o—-mGlus receptor interactions in striatal neurons: anatomical, neurochemical and antiparkinsonian features. (a) A,a (green) and D, (red) receptor
immunoreactivities are colocalized (yellow) and primarily associated with the plasma membrane in cell bodies and dendrites of striatal neurons in primary cultures.
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Adapted, with permission, from Ref. [52]. (b) Combined activation of A, and mGlus receptors can synergistically activate striatopallidal neurons in vivo, as shown by
the synergistic elevation of extracellular GABA levels (measured as a percentage of the average initial two baseline determinations) in the ventral pallidum of awake,
freely moving rats after perfusion of both an A4 and an mGlus agonist (CGS 21680 and CHPG, respectively) into the ventral striatum (indicated by the horizontal yellow
bar). Adapted from Ref. [68]. (¢) Combined antagonism of A, and mGlus receptors can synergistically enhance anti-parkinsonian locomotor stimulation in
hypodopaminergic, hypolocomotor mice (treated one day earlier with 1 mg kg~ reserpine). Adapted from Ref. [70]. Mice were treated systemically (arrow) with control
vehicles, an A, antagonist (intraperitoneal KW-6002 at 0.3 mg kg~ '), an mGlu5 antagonist (intraperitoneal MPEP at 5 mg kg~") or both.

anti-parkinsonian benefit of Ay antagonism. However, this
relatively selective targeting of the Do-modulated ‘indirect’
pathway (Figure 2 legend) might also explain why the
symptomatic effect of an Ass antagonist on its own appears
modest compared with that of 1-dopa (which can restore
stimulation at all dopamine receptors). Evidence for this Ags
receptor mechanism includes the correlation between the
anti-parkinsonian effects of Ass antagonists and their
ability to modulate GABA release and dopamine-dependent
c-fos activation specifically in the indirect striatopallidal
pathway [19,20].

A,a antagonists as potential neuroprotectants in PD

Over past six years, converging epidemiological and
experimental evidence has raised the exciting possibility
that Asa receptor antagonism might protect dopaminergic
neurons from degeneration in PD [13,21]. In 2000, Ross and
colleagues reported an inverse relationship between the
consumption of caffeine (1,3,7-trimethylxanthine), a non-

specific adenosine receptor antagonist, and the risk of devel-
oping PD in 8004 Japanese—American men followed for 30
years as part of a prospective study [22]. The risk of PD
adjusted for age and smoking was five times higher among
men who reported no coffee consumption than among men
who reported a daily consumption of 28 ounces of coffee or
more. The finding was substantiated by a similar inverse
relationship between the consumption of caffeinated (but
not decaffeinated) coffee and the risk of developing PD in a
larger and more ethnically diverse cohort of prospectively
followed men [23]. Curiously, in women caffeine use is also
linked to a reduced risk of PD but only among those who
have not taken hormone-replacement therapy [24].

The neuroprotective potential of caffeine was further
enhanced by genetic and pharmacological evidence that
the Aja receptor can contribute to the degeneration of
nigrostriatal dopaminergic neurons [13,21,25]. Caffeine at
doses in mice corresponding to those of typical human
exposure, which lead to blockade of adenosine A, in addition
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Figure 2. Proposed mechanism of symptomatic anti-parkinsonian activity of A, receptor antagonists. The striatum is linked to the substantia nigra pars reticulata and
globus pallidus pars interna complex (SNr-GPi) via direct (striatonigral) and indirect (striatal-pallidal-subthalamic-nigral) pathways. According to evolving models of basal
ganglia organization and function [74], in the ‘normal’ state (a), dopamine (blue) from neurons of the substantia nigra pars compacta (SNc) acts on stimulatory D, receptors
of the direct striatonigral pathway and on inhibitory D, receptors of the indirect pathway to facilitate intricate and rapid movements. Adenosine, via A,a receptors
on striatopallidal neurons in the striatum and globus pallidus pars externa (GPe), excites neurons in the indirect pathway, thus opposing the activation of D, receptors.
(b) Degeneration of the SNc in Parkinson’s disease (PD) removes dopamine input to the striatum. This disinhibits striatal spiny projection neurons of the indirect pathway,
boosting their inhibitory GABA-mediated (red) influence on the GPe, which in turn leads to disinhibition of the excitatory glutamate-mediated (green) transmission of the
subthalamic nucleus (STN). Depletion of dopamine also leads to decreased activation of striatal spiny neurons in the direct pathway. The resulting imbalance between the
activity in the direct and the indirect pathways leads to markedly increased inhibitory output from the SNr-GPi complex. The subsequent excessive inhibition of
thalamocortical neurons produces the characteristic reduction of movements of PD. (c) A,a receptor blockade in PD should relieve overactivity of striatopallidal and
subsequently STN neurons, thereby restoring some balance between the direct and the indirect pathways. Note that an A, antagonist together with a low dose of L-dopa
(which elevates extracellular levels of dopamine that stimulates both D; and D, receptors) would facilitate the inhibitory cellular action of D, receptors on striatopallidal
neurons. In turn, through the basal ganglia circuitry or collaterals from striatal medium-spiny neurons [75], this might indirectly facilitate activation of the striatonigral
pathway stimulated by D, receptors [4] (not shown). Adapted, with permission, from Ref. [13] and based on references therein.
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to Ay receptors in the brain, dose-dependently attenuates
the loss of striatal dopaminergic terminals and nigral dopa-
minergic neurons that is triggered by 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) [13,25]. This protective
effect of caffeine was also observed with several relatively
selective antagonists of A (but not A;) receptors, including
KW-6002 [13,26]. Similarly, genetic deletion of the Aga
receptor can attenuate the loss of striatal dopamine and
dopaminergic terminals in the mouse MPTP model [25].
Interestingly, neuroprotection by caffeine, in contrast to its
motor stimulant effect, does not exhibit tolerance after
repeated prior injection [27]. Another striking feature of
protection by caffeine against MPTP toxicity is its attenua-
tion or absence in the presence of estrogen [28], closely
paralleling the aforementioned relationship between caf-
feine and female hormone replacement in PD epidemiology.
These complementary pharmacological and genetic studies
provide compelling evidence that caffeine and more selective
Aga receptor inactivation generally reduce the neurotoxic
effects on dopaminergic neurons in animal models of PD
neurodegeneration, although it should be noted that these
laboratory models are as yet unproven as predictors of
neuroprotection in humans. Thus the laboratory data sug-
gest (but donot prove) that neuroprotection by caffeine is the
basis for the reduced risk of developing PD among coffee
drinkers and other caffeine consumers. It would be worth-
while to evaluate further whether the neuroprotective effect
of Ags antagonism extends beyond acute neurotoxin models
of PD and ultimately to PD patients.

The inferred pathophysiological role of endogenous
adenosine acting through Aja receptors to hasten neuro-
degeneration is not restricted to dopaminergic neurons.
Asa-antagonist-mediated neuroprotection extends beyond
PD models of nigrostriatal neuron degeneration. In fact,
neuroprotection by Ags receptor antagonism was first
reported in a global ischemia model [29] and further sub-
stantiated in other models of ischemic and excitotoxic brain
injury in cortical regions [30,31]; this might also be of
therapeutic relevance to Ags antagonist use in PD, because
in its later stages cortical and basal ganglia neurodegen-
eration both contribute to the disease. In addition, Agp
receptor antagonists can limit the damage to striatal
output neurons that is induced by mitochondrial toxins
[32-34], and can reduce formation of B-amyloid-induced
aggregations in cultured cells [35], in models of both Hun-
tington’s disease and Alzheimer disease. However, Agp
receptor inactivation has been found both to exacerbate
and to alleviate the death of striatal neurons under differ-
ent conditions, possibly owing to differential postsynaptic
and presynaptic actions of the Aj;p receptor in striatum
[32]. This suggests that any neuroprotective benefits of Ags
antagonists in humans might apply to only a subset of
degenerative CNS diseases.

The mechanism by which Ay receptor antagonists confer
protection against death of dopaminergic neurons is not
clear at present. However, the fact that their neuroprotec-
tive effects extend to other types of neurons in the basal
ganglia and cerebral cortex supports a broad-based CNS
mechanism that acts through common cellular elements —
neuronal, glial and/or immunological. For example, Agp
receptor activation on widely distributed glutamatergic
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nerve terminals or astrocytes might enhance glutamate
release and thereby contribute to an ‘excitotoxic’ component
of neuronal cell death [36—-38]. Alternatively, Asa receptors
on microglia and other immune cells might facilitate neu-
roinflammation that has an important role in brain injury
[39,40], consistent with a recent report that neuroprotection
against MPTP neurotoxicity by KW-6002 is associated with
inhibition of microglial activation in the substantia nigra
[41]. A better understanding of how the multiple actions of
Aga receptors influence survival of dopaminergic neurons
might further establish Aj;, antagonism as a potential
neuroprotective strategy for the treatment of PD.

Aoa receptors in dyskinesias and non-motor targets
With the progressive loss of dopaminergic neurons in PD
come other disabling motor and behavioral problems.
Chronic intermittent therapy using L-dopa (or a dopamine
agonist) can conspire with the hypodopaminergic state of
PD to produce progressively briefer motor benefits and
progressively more disruptive involuntary movements
(dyskinesias) in response to each dose. The prevention
and suppression of L-dopa-induced dyskinesias (LID) have
become major targets of new non-dopamine approaches.

Although early clinical data suggest that Ay, antagonists
donot suppress LID afteritisestablished [11,12], preclinical
findings raise the possibility that A;a blockade can reduce
the risk of developing LID in the first place. Hemi-parkin-
sonian rats that are treated daily with L-dopa develop a
markedly sensitized rotational response over weeks. When
an A, antagonist was co-administered with a low dose of L-
dopa, the acute effect of the combination matched that of a
higher dose of L-dopa alone. By contrast, chronic use of the
combined treatment caused no sensitization [9], supporting
arationale for combining Ay4 antagonists with a low dose of
L-dopa earlier in the disease.

In addition to reducing the risk of LID by enabling use of a
reduced dose of 1-dopa, Ags antagonists might protect
against LID more directly, by disrupting the pathophysiol-
ogy of LID. Ay receptors are crucial in the development of a
persistent sensitized motor response to L-dopa in parkinso-
nian mice, because their A;y knockout littermates did not
develop this response [42]. Similarly, in parkinsonian rats
repeatedly treated with L-dopa to model the motor compli-
cations of its chronic use in PD, pairing an Az antagonist
with r-dopa prevented shortening of the duration of the
rotational response [43]. However, in another model, in
which LID is represented by abnormal involuntary move-
ments rather than enhanced rotational behaviors, Aga
antagonism showed no attenuating effect on the develop-
ment of these movements [44]. This highlights the uncer-
tainty both over which rodent models of LID are most useful
[45] and over the role of Aga receptors in LID. Nevertheless,
using the gold-standard primate model of dyskinesias, Bib-
biani et al. found that chronic treatment using the Asp
antagonist KW-6002 completely prevented the induction
of dyskinesias that is normally seen in parkinsonian
(MPTP-lesioned) cynomolgus monkeys after 1-2 weeks of
daily administration of a dopamine receptor agonist [43].
Most striking was their observation that continuing this
treatment following cessation of adjunctive KW-6002
administration led to the induction of dyskinesias with
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the same 1-2 week lag time, strengthening the rationale for
a trial of early Aga antagonist treatment as an adjunct to
L-dopa.

Although mechanisms of dyskinesia are poorly
understood, the chronic administration of L-dopa has been
clearly correlated with features of dyskinesia such as the
long-term increase in striatal dynorphin mRNA, the mod-
ified phosphorylation state of NMDA and AMPA receptor
subunits, and inhibition of activity in the substantia nigra
pars reticulata [43,46—49]. By contrast, daily L-dopa admi-
nistered in combination with an Ay, antagonist or in the
absence of Aga receptors did not trigger these modifications
(and might attenuate the increase in enkephalin mRNA
levels that is induced by 6-OHDA), providing possible
mechanisms for the low dyskinetic potential observed with
this drug combination [13,42,43,47,48].

Clinical development of Aj;x antagonists as
anti-parkinsonian agents should also take into account
evidence for Aga receptor involvement in common non-
motor CNS disorders in PD patients, such a depression,
psychosis, dementia and disrupted arousal and sleep
states. For example, because Ags antagonists might have
anti-depressant properties [50], it will be important to
consider whether motor and subjective improvement
reflects elevation of mood, which is commonly depressed
in PD. Whereas an antidepressant side benefit could
enhance their therapeutic impact, Asy antagonists also
carry theoretical risks. For example, the possibility of a
pro-psychotic side effect of A;y antagonists has been
raised, given their demonstrated ability to enhance
transmission by D, receptors and the well-known pro-
psychotic effects of Dy agonists. Lastly, the well-estab-
lished peripheral effects of Ayp receptors [51], particu-
larly their anti-inflammatory actions, must also be
addressed in the clinical development of Ay, antagonists,
especially in advanced PD patients who are at higher
risk of and from infections.

A, antagonists for PD: lackluster or blockbuster?

This question may seem overly theatrical, with lackluster’
too pessimistic given the positive results of initial clinical
trials using Az antagonists for PD, and ‘blockbuster’ too
optimistic given that this label is conventionally reserved
for conditions even more prevalent than PD. Nevertheless,
the possibilities for Ags antagonism in PD are currently
wide open. On the one hand, more than the initially
demonstrated mild symptomatic benefit of adjunctive
A, antagonists will probably be needed to have a major
effect on how we treat PD. On the other hand, A;x antago-
nists might offer disease-modifying and more substantial
symptomatic benefits. So although the promise of these
compounds is counterbalanced by the long odds inherent in
clinical drug development, Asx antagonism clearly offers a
uniquely hopeful and realistic opportunity for improving
PD treatment.
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Clinical trials for neuroprotection in Parkinson’s disease:

overcoming angst and futility?

Albert Y. Hung? and Michael A. Schwarzschild®®

Purpose of review

To summarize recently published results of neuroprotection
trials for Parkinson’s disease, and discuss them in the
context of evolving concepts in clinical study design and
animal models.

Recent findings

Despite compelling preclinical evidence from laboratory
models suggesting potential neuroprotective benefits, the
antioxidant, antiapoptotic, antiexcitotoxic,
immunomodulatory and neurotrophic agents studied to
date have not shown clear benefit in human studies. The
futility study design, an alternative approach focused on
efficiently excluding less promising compounds, has been
adopted recently to investigate four candidate
neuroprotectants. A delayed-start trial design has also been
introduced in a study of the monoamine oxidase inhibitor
rasagiline, demonstrating a possible neuroprotective effect
as well as its clear symptomatic benefit. In parallel with
these clinical innovations, preclinical research initiatives are
identifying new animal models that more closely resemble
the clinical course and pathology of Parkinson's disease.
Summary

Angst over disappointing results of neuroprotection trials in
Parkinson’s disease has engendered efforts to refine animal
models at one end of the therapeutics pipeline, and to
optimize clinical trial design at the other. Building on new
insights into the genetics, epidemiology and pathogenesis
of Parkinson's disease, these recent improvements in
‘translational infrastructure’ will enhance the prospects of
achieving the critical goal of slowing the progression of
disability.
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clinical trial, futility study, neuroprotection, Parkinson's
disease
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Introduction

Parkinson’s disease is characterized clinically by the
cardinal features of resting tremor, rigidity, bradykinesia,
and gait difficulty with postural instability. At least in the
early stages most of the motor dysfunction results from the
progressive and selective loss of dopaminergic neurons
in the substantia nigra pars compacta. Highly effective
symptomatic treatments, primarily based on dopamine
replacement strategies, are available to treat early to
moderate stage Parkinson’s disease, providing significant
improvement in motor function and quality of life. Despite
advances in understanding of the pathogenesis of
Parkinson’s disease, however, efforts to identify a therapy
to slow or reverse disease progression have been disap-
pointing. Indeed, a recent practice parameter submitted
by the American Academy of Neurology concluded that
‘no treatment has been shown to be neuroprotective’ [1°°].
Thus, clinical and basic research focused on identifying
these neuroprotective strategies addresses a major unmet

need [2°].

The etiology of idiopathic Parkinson’s disease remains
uncertain. A number of genetic mutations have recently
been identified in some patients with a familial form of
the disorder (reviewed elsewhere in this volume). These
mutations, however, account for only a small percentage
of cases of Parkinson’s disease. In addition, twin studies
suggest that while genetic factors may predispose young-
onset patients to Parkinson’s disease, they appear to be
less important in the majority of individuals with later
onset disease [3]. Indeed, current models propose a
complex interplay of biochemical and cellular processes,
including oxidative stress, mitochondrial dysfunction,
excitotoxicity, inflammation, trophic factor deficiency,
and apoptosis [4,5]. In light of the significant clinical
impact that would be achieved by identifying agents
slowing disease progression, the Committee to Identify
Neuroprotective Agents in Parkinson’s (CINAPS) was
formed and assigned the task of prioritizing prospective
neuroprotective candidates for clinical trials [6]. Four
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Table 1 Putative neuroprotective agents identified by the Com-
mittee to Identify Neuroprotective Agents in Parkinson’s
(CINAPS) group

Agent Primary mechanism

Caffeine Adenosine antagonist

Coenzyme Qo Antioxidant/mitochondrial stabilizer
Creatine Antioxidant/mitochondrial stabilizer
Estrogen Unknown

GM-1 ganglioside Trophic factor

Minocycline Antiinflammatory/antiapoptotic
Nicotine Unknown

GPI-1485 Trophic factor

Pramipexole Antioxidant

Rasagiline Antioxidant/antiapoptotic
Ropinirole Antioxidant

Selegiline Antioxidant/antiapoptotic

Data from [6].

primary criteria were used: scientific rationale, evidence
of blood-brain barrier penetration, adequate safety and
tolerability data, and efficacy in animal models and pre-
liminary human studies. Based on these criteria, 12
compounds were selected as attractive candidates for
further study (Table 1). Here, we review the recent
clinical trials focused on these and other agents, and
discuss the limitations of current clinical study design
and preclinical animal models.

Lessons from early neuroprotective trials

Clinical neuroprotection trials for Parkinson’s disease
date back to the early 1980s, when oxidative stress and
oxidative activation of putative environmental protoxins
were first proposed as mechanisms for dopamine neuron
loss. On the basis of this hypothesis, early trials focused
on the potential effectiveness of selegiline, a selective,
irreversible inhibitor of monoamine oxidase type B
(MAO-B) that had been shown to protect against dopa-
mine cell loss in animal models (Table 2) [7-11],
reviewed in [29°°]. Using defined clinical endpoints
[time until symptomatic treatment was required, or
changes in the Unified Parkinson’s Disease Rating Scale
(UPDRS)], these studies demonstrated a clear benefit
in those who received selegiline. It became evident,
however, that these results could similarly be explained
by a symptomatic effect of the study intervention.

In order to overcome the confounding effects of sympto-
matic benefit, several studies employed radiotracer
imaging as a surrogate measure of dopaminergic nigro-
striatal neuron integrity. '?I-B-CIT single photon
emission computed tomography (SPECT) reflects bind-
ing to the dopamine transporter on dopaminergic cells,
and [18F]ﬁuorodopa PET measures the uptake and con-
version of the tracer into fluorodopamine in surviving
neurons. This approach was used to study the potential
neuroprotective effects of the nonergot dopamine ago-
nists pramipexole and ropinirole [20,21]. Both of these
agents (compared with levodopa) resulted in less
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reduction in uptake of the putative biomarker over
the course of the treatment period, suggesting a pos-
sible neuroprotective effect with agonist therapy. The
ELLDOPA study [22], investigating the effects of levo-
dopa on disease progression, has brought the reliability of
imaging measures into question. In this study, patients
treated with carbidopa-levodopa showed a smaller
decrease in UPDRS scores, but a significantly greater
decline in B-CIT uptake. Thus, as radiotracer imaging
does not consistently correlate with clinical endpoints,
it has not been established as an appropriate surrogate
of neurodegeneration in neuroprotection trials for
Parkinson’s disease [30].

Antioxidants

The focus on oxidative stress as a mechanism of dopa-
minergic cell loss has led to several additional trials
examining whether antioxidant therapy can modify the
course of Parkinson’s disease. Coenzyme Q is a cofactor
in the electron transport chain, and has potent antioxidant
effects. It is also thought to stabilize mitochondrial func-
tion. In a pilot study of coenzyme Q¢ in early Parkinson’s
disease, a total of 80 patients were assigned to placebo or
one of three different doses (300, 600 and 1200 mg per
day) [16]. Using change in UPDRS as the primary out-
come measure, there appeared to be an inverse trend
between dose and degree of clinical change, suggesting
possible neuroprotection. The potential benefit of co-
enzyme Q9 was most clearly suggested at the highest
dose, though at this and other doses there was no sig-
nificant effect on secondary measures of a timed tapping
test of motor function or of the time until levodopa
therapy initiation was warranted. Since that study, daily
doses as high as 2400 mg have been shown to be well
tolerated [31].

Creatine is a dietary supplement that plays an important
role in mitochondrial ATP production. In animal models
of Parkinson’s disease, oral creatine supplementation
has been shown to have a neuroprotective effect [32].
The results from a 2-year placebo-controlled pilot
efficacy trial were recently reported [18°]. Changes in
dopamine transporter SPECT were used as the primary
outcome measure, and the UPDRS and 36-item Short
Form Health Survey (SF-36) were secondary outcome
measures for disease progression. In this study, creatine
supplementation had no significant effect on SPECT
variables, nor did it result in a change in overall UPDRS
scores. With creatine, there was a slight improvement in
mood (as assessed by UPDRS subscale I, ‘Mentation,
behavior, mood’). There was also a lower relative increase
in agonist dose in patients treated with creatine, although
this reflected primarily a difference in baseline dose
rather than final dose. The authors concluded, however,
that the negative results could potentially be related to
the low doses used in the study.
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Table 2 Published randomized neuroprotection trials in Parkinson’s disease

Class Agent n Primary outcome Duration Comments Reference

Antioxidant/MAOQ inhibitor ~ Selegiline 800 Time to symptomatic treatment DATATOP [7]
Selegiline 54  Time to symptomatic treatment ~ 3years [8]
Selegiline 1567 Time to symptomatic treatment  1-3years [9]
Selegiline 101 Change in UPDRS 14 months 2 month washout [10]
Selegiline 79 Change in UPDRS 60 months 1 month washout [11]
Lazabemide 321 Time to symptomatic treatment 12 months [12]
Rasagiline 404 Change in UPDRS 12 months Delayed start [13]
Selegiline 1567 Change in UPDRS 7 years With levodopa [14]

Antioxidant Vitamin E 800 Time to symptomatic treatment DATATOP [15]
Coenzyme Q10 80 Change in UPDRS 16 months QE2 [16]
Coenzyme Q10 213 Change in UPDRS 12 months Futility study [17°°]
Creatine 60 ['?3]-FP-CIT SPECT 24 months [18°]
Creatine 200 Change in UPDRS 12 months Futility study [19°]

DA replacement Pramipexole 82 [wsl]-B-CIT SPECT 46 months CALM-PD [20]
Ropinirole 186 ['®F]-dopa PET 24 months REAL-PET [21]
Levodopa 360 Change in UPDRS 40 weeks ELLDOPA,; [22]

2 week washout

Glutamate antagonist Riluzole 20 Change in UPDRS 6 months [23]

Trophic factor GDNF 50 Change in UPDRS motor score 8 months [24]
GDNF 34 Change in UPDRS motor score 6 months [25]

Neuroimmunophilin ligand  GPI-1485 300 Change in UPDRS motor score 6 months Discussed

in [26]

GPIl-1485 213 Time to symptomatic treatment 12 months Futility study [17°°]

Antiapoptotic agent TCH346 301 Change in UPDRS 12-18months [27°°]
CEP-1347 806 Change in UPDRS Average 21.4months PRECEPT [28]
Minocycline 200 Time to symptomatic treatment 12 months Futility study [19°]

MAO, monoamine oxidase; UPDRS, Unified Parkinson’s Disease Rating Scale; SPECT, single photon emission computed tomography; DA, dopamine;

GDNF, glial cell line-derived neurotrophic factor.

As a step to assessing whether coenzyme Qg or creatine
are suitable for further study as neuroprotective agents,
phase II studies were conducted, concluding that neither
agent could be rejected as futile (see below) [17°°,19°].
On the basis of these data, larger multicenter studies
using coenzyme Qi and creatine are being pursued.

Antiapoptotic agents

Apoptosis, or programmed cell death, has been proposed
to contribute to the pathogenesis of neurodegenerative
disorders, including Parkinson’s discase, although the
neuropathologic evidence remains somewhat controver-
sial [33]. Despite this uncertainty, there are numerous
reports to suggest that interfering with apoptotic path-
ways can protect against neuronal cell death [34-36]. One
class of antiapoptotic agents, the propargylamines, has
been proposed as neuroprotective agents [37°]. TCH346
(V-methyl-NV-propargyl-10-aminomethyl-dibenzo[b,f]-
oxepin; also called CGP3466) is a propargylamine that
resembles structurally selegiline, but lacks MAO inhibi-
tor activity. Its antiapoptotic mechanism of action is
thought to involve binding to glyceraldehyde-3-phos-
phate dehydrogenase [38]. In animal models of
Parkinson’s disease, the agent has been shown to protect
against neurodegeneration and associated behavioral
deficits [39,40]. A recent clinical study examined the
putative neuroprotective effects of TCH346 on disease
progression [27°°]. Patients were randomly assigned to

placebo or one of three treatment doses. After a 12—18-
month treatment period and 4-week washout, they failed
to show any difference in the primary endpoint (time to
disability requiring dopaminergic therapy) or secondary
endpoints (change in UPDRS or the Parkinson’s disease
questionnaire (PDQ)-39, a measure of quality of life).

CEP-1347 inhibits the mixed lineage kinases (MLKs)
that activate the c-Jun N-terminal kinase (JNK) signaling
cascade, a pathway that mediates apoptotic cell death.
MLK inhibition and disruption of this pathway have
consistently been shown in preclinical models to enhance
neuronal survival [41,42]. These promising data promp-
ted the PRECEP'T trial, the largest neuroprotection trial
completed to date, in which patients not yet requiring
dopaminergic therapy were randomized to placebo or one
of the doses of CEP-1347 [28]. Using time to disability
requiring dopaminergic therapy as the primary endpoint,
and changes in UPDRS and B-CI'T SPECT imaging as
secondary endpoints, this study was concluded early
(average of 21.4 months of follow up) after an interim
analysis showed that a greater percentage of patients
on the lowest and highest doses of experimental drug
(10 and 50 mg twice a day) reached the primary endpoint,
compared with the placebo group. Similarly, all active
treatment groups showed a greater decline in striatal
B-CIT. Thus, CEP-1347 was shown to be ineffective
at modifying disease progression in Parkinson’s disease.
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Based on these negative clinical trials, the relevance of
apoptosis to designing neuroprotective agents requires
reassessment [43°°]. Alternatively, it has been suggested
that apoptosis may contribute as just one of several routes
to neuronal degeneration, such that blockade of apoptosis
may lead to a different (e.g. necrotic) cell death path-
way that may produce at least as much neuronal injury
[44,45].

The ‘delayed start’ design

Recently, the use of a ‘delayed start’ design has been
proposed for neuroprotection trials [13,46°°]. As noted,
symptomatic effects of study interventions can confound
interpretation when clinical measures are used as surro-
gates of disease progression. While this is addressed in
part by incorporation of a ‘washout’ phase, when clinical
performance is compared between untreated baseline
and final visits, it is difficult to exclude the possibility
that the treatment may have long-lasting effects that
exceed the duration of the washout. Ethical issues have
also been raised about withholding effective treatment
during the washout period.

In the delayed start design, some study participants begin
treatment with the experimental agent immediately,
while others begin after a delay. This design presumes
that the symptomatic benefit of the medication is similar
in both groups at the end of treatment. Thus, any change
in outcome measure should reflect a disease-modifying
effect. The delayed start design has been used to study
the effects of rasagiline, a propargylamine MAO-B inhibi-
tor [13] that has been shown to protect against 1-methyl
4-phenyl 1,2,3,6-tetrahydropyridine  (MPTP)-induced
dopaminergic cell loss in animal models [47]. In an initial
6-month placebo-controlled phase, treatment with rasagi-
line resulted in improvement in Parkinsonian symptoms
[48]. Following this phase, study participants previously
treated with placebo were given rasagiline (2 mg per day)
and compared with individuals taking rasagiline from the
start. Those treated with rasagiline (1 or 2 mg daily) for
12 months showed a lesser decline in clinical performance
(as measured by change in UPDRS scores) than those
only taking the medication for 6 months. This study has
been interpreted to suggest that rasagiline can slow the
rate of disease progression, prompting a similar but longer
and larger study now underway [49].

The use of futility studies

The failure of agents proven effective in preclinical
studies to have any efficacy in human studies has led
clinical investigators to ask whether there is a more
efficient way to screen out compounds that are ineffective
as neuroprotectants. In the last several years, a futility
study design has been used to assess several prospective
neuroprotective agents [50,51°%,52°]. This methodology
has been used previously to evaluate cancer treatments
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and more recently, stroke treatments. Phase II pilot
studies with such a design require a smaller number of
patients over a shorter time period than large phase 111
efficacy studies. They focus on distinguishing between
potentially effective agents appropriate for larger rando-
mized studies, and agents that are demonstrably ‘futile’
(at least at the dose tested). In order for such an approach
to be effective, it is necessary to identify clinical outcome
measures that would be expected to change sufficiently
in untreated patients over 6—12 months, the short time
period intended in futility studies. An analysis of histori-
cal Parkinson’s disecase data sets identified change in total
UPDRS or change in motor plus activities of daily living
(ADL) UPDRS (subscales 2 and 3) as requiring the
smallest sample sizes [S50]. While some efficacy data
can be obtained from such studies, however, they lack
(by design) sufficient statistical power to test whether a
drug is actually disease modifying.

A randomized, double-blind futility trial was conducted
by the National Institutes of Health (NIH) Exploratory
Trials in Parkinson’s disease (NE'T-PD) program, exam-
ining a potential neuroprotective effect of creatine
and minocycline [19°]. Minocycline is a semi-synthetic
second-generation tetracycline that has been proposed to
protect against MPTP-induced dopaminergic cell loss via
its antiinflammatory action [53]. A total of 200 partici-
pants were randomized to receive either placebo, creatine
(10g per day), or minocycline (200 mg per day). Using
change in total UPDRS as the primary endpoint, neither
agent could be rejected as futile. All three treatment
groups were fairly well tolerated (91% in creatine group,
77% in minocycline group); the most common adverse
events included upper respiratory symptoms (26%), joint
pain (19%), and nausea (17%).

Neuroimmunophilins are a family of proteins present in
the nervous system that were initially identified as targets
of the immunosuppressive agents FK506 and rapamycin
[26,54]. 'The neuroimmunophilin ligand GPI-1046 has
been shown to reverse the loss of corticostriatal long-term
potentiation in 6-hydroxydopamine lesioned rodents,
suggesting that it may protect dopaminergic cell function
[55]. An initial study using a similar agent, GPI-1485, at a
maximal dose of 4000 mg daily showed no treatment
benefit on the primary outcome of change in UPDRS
motor score [26]. To assess whether GPI-1485 deserves
further study, the agent was tested along with coenzyme
Q1o using the futility trial design [17°°]. In this study,
a total of 213 individuals were randomized to placebo,
coenzyme Qg (2400 mg per day), or GPI-1485 (4000 mg
per day). Over a 12-month trial period (or until sympto-
matic therapy was warranted), the primary outcome
measure (change in total UPDRS scores) again did
not meet the prespecified criteria for futility of either
agent. Like the other two agents studied, the study
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interventions were well tolerated, with a similar set of
adverse effects.

Based on these studies, all four agents tested remain
potential candidates for larger phase III trials. Several
important issues, however, have been raised by these
reports. The placebo group in the creatine/minocycline
study showed a mean change in total UPDRS of 8.39,
whereas the coenzyme Q;¢o/GPI-1485 placebo group
showed a much smaller change (6.31). When the four
treatment arms were analyzed in comparison to the
combined mean of both placebo groups and the placebo
arm of the PRECEPT trial, only creatine was not found
to be futile (i.e. potentially disease modifying). Thus, the
study conclusion depends on the placebo data used to
determine the futility threshold. This raises the concern
that changes in UPDRS, the primary response variable
used in these trials, may be an inadequate primary out-
come measure. It may be necessary to employ multiple
outcome measures or global statistical tests [46°°].

Limitation of preclinical rationales: animal
models

The recent negative results from clinical trials of a small
but diverse set of potential neuroprotectants may reflect a
series of individual inadequacies in the identification of
candidate drugs or in the design and execution of clinical
trials for neuroprotection in Parkinson’s disecase. Alter-
natively, they could reflect a broader systematic problem
in our identification or testing of candidate agents.
Accordingly, in addition to clinical trial design, the ade-
quacy of available animal models has also come into
question. Short of being confirmed as predictive of a
drug’s neuroprotective potential in humans, an animal
model of neurodegeneration can be validated by demon-
strating that it shares the progressive nature of the disease
and the defining pathologic features. Most preclinical
studies have used the MPTP or 6-hydroxydopamine
(6-OHDA) model to characterize protective effects on
dopaminergic cell loss [56]. Indeed, results from these
models served as one of the primary evaluation criteria for
inclusion in the list of attractive candidates by CINAPS
[6]. MPTP is a mitochondrial complex I inhibitor, dama-
ging dopamine neurons in part through the generation of
reactive oxygen species. 6-OHDA, when administered
intracerebrally, also induces oxidative injury by entering
cells through catecholamine transporters. Nevertheless,
these models have limitations [57]. The 6-OHDA model
causes acute degeneration of nigrostriatal neurons, and
does not cause the pathognomonic cytoplasmic inclusions
(Lewy bodies) seen in Parkinson’s disease. Similarly,
most MP'TP protocols use acute treatments and fail to
produce Lewy bodies, though Lewy body-like cyto-
plasmic inclusions have been reported in a chronic
MPTP infusion model [58]. Moreover, the effects of
putative neuroprotectants have been shown to vary
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depending on the toxin administration protocol [59°]. In
an effort to enhance the environmental relevance of toxin
models of Parkinson’s disease, the pesticide rotenone and
herbicide paraquat have been used in toxin models of
Parkinson’s disease. While some reports indicate a chronic,
progressive loss of nigrostriatal neurons, inconsistent
pathologic effects have undermined their utility for testing
neuroprotective compounds [60].

Recent genetic data have implicated dysfunction in the
ubiquitin—proteasome system in the pathogenesis of
Parkinson’s disease (reviewed elsewhere in this volume).
This led McNaught and colleagues [61,62°] to investigate
the effect of systemic exposure to proteasome inhibitors.
They reported that rodents treated with epoxomicin or
PSI, two different proteasome inhibitors, for 2weeks
produced a progressive dopamine-responsive neurologic
syndrome suggestive of Parkinsonism after a latency of
1-2weeks. Moreover, pathologic analysis confirmed
depletion of striatal dopamine and dopaminergic cell
loss. If validated, such a model may be appropriate for
testing putative neuroprotective compounds. Unfortu-
nately, these findings have been difficult to confirm. A
series of recent reports have highlighted the controversy,
with a number of laboratories only partially replicating or
completely failing to replicate the model (reviewed in
[63°°]) [64°—-68°]. In light of this uncertainty, the protea-
somal inhibition model, despite its early promise,
requires further validation before it can be used to screen
compounds for potential clinical use.

Conclusion

Angst over the disappointing results from clinical neuro-
protection trials for Parkinson’s disease has engendered
efforts to optimize neuroprotection trial design, as well as
to refine the animal models in which candidate neuro-
protectants are advanced. The early use of clinical
measures such as time until dopaminergic therapy or
change in clinical rating scales as primary outcomes were
complicated by confounding effects of symptomatic
improvement. While the use of delayed start designs
may help to overcome these confounders, there is never-
theless a need to develop better, more objective bio-
markers of disease progression. Futility studies may
prove to be helpful to exclude more efficiently com-
pounds that are unlikely to be useful. The variability
in the calibration placebo in the first two futility trials,
however, raises concern that compounds may be deemed
futile or not futile inappropriately. In reexamining the
process by which promising neuroprotectants are ident-
ified, the validity of our toxin-based animal models has
been questioned, prompting new models that more
closely mimic the progressive features and pathology
of the disease. Continued advances in our understand-
ing of genetic and environmental factors contributing
to Parkinson’s disease will lead to more promising
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therapeutic candidates. The prospects for their trans-
lation into clinical practice will be enhanced by further
improvements in animal models and clinical trial designs
for Parkinson’s disease.
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Background: The risk of Parkinson disease (PD) and
its rate of progression may decline with increasing con-
centration of blood urate, a major antioxidant.

Objective: To determine whether serum and cerebro-
spinal fluid concentrations of urate predict clinical pro-
gression in patients with PD.

Design, Setting, and Participants: Eight hundred
subjects with early PD enrolled in the Deprenyl and To-
copherol Antioxidative Therapy of Parkinsonism
(DATATOP) trial. The pretreatment urate concentra-
tion was measured in serum for 774 subjects and in ce-
rebrospinal fluid for 713 subjects.

Main Outcome Measures: Treatment-, age-, and sex-
adjusted hazard ratios (HRs) for clinical disability re-
quiring levodopa therapy, the prespecified primary end
point of the original DATATOP trial.

Results: The HR of progressing to the primary end
point decreased with increasing serum urate concentra-
tions (HR for highest vs lowest quintile=0.64; 95%
confidence interval [CI], 0.44-0.94; HR for a 1-SD

increase=0.82; 95% CI, 0.73-0.93). In analyses stratified
by a-tocopherol treatment (2000 1U/d), a decrease in the
HR for the primary end point was seen only among sub-
jects not treated with a-tocopherol (HR for a 1-SD
increase=0.75; 95% CI, 0.62-0.89; vs HR for those
treated=0.90; 95% CI, 0.75-1.08). Results were similar
for the rate of change in the Unified Parkinson’s Disease
Rating Scale score. Cerebrospinal fluid urate concentra-
tion was also inversely related to both the primary end
point (HR for highest vs lowest quintile=0.65; 95% CI,
0.44-0.96; HR for a 1-SD increase=0.89; 95% CI, 0.79-
1.02) and the rate of change in the Unified Parkinson’s
Disease Rating Scale score. As with serum urate concen-
tration, these associations were present only among sub-
jects not treated with a-tocopherol.

Conclusions: Higher serum and cerebrospinal fluid urate
concentrations at baseline were associated with slower rates
of clinical decline. The findings strengthen the link be-
tween urate concentration and PD and the rationale for con-
sidering central nervous system urate concentration eleva-
tion as a potential strategy to slow PD progression.

ArchNeurol.2009;66(12):(doi:10.1001/archneurol.2009.247)

N HUMANS, URATE IS A MAJOR AN-
tioxidant as well as the end prod-
uct of purine metabolism."? Its
high concentrations in cerebro-

been reported among individuals consum-
ing diets that increase serum urate con-
centration'® and among those with a his-
tory of gout.'"'? Recently, we found that
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spinal fluid (CSF) and blood have
been attributed to a mutation in the urate
oxidase gene occurring late in hominid
evolution.®> Oxidative damage is sus-
pected to contribute to the neurodegen-
erative process in Parkinson disease
(PD),*’ and antioxidants like urate may
provide an endogenous defense against the
development and progression of PD.
Prospective epidemiological studies
have demonstrated that healthy individu-
als with higher blood urate concentra-
tions are at reduced risk for developing
PD.%? Similarly, a lower risk of PD has also

higher urate blood concentrations in pa-
tients in the early stages of PD predict a
slower rate of disease progression, as-
sessed by both clinical and neuroimaging
measures.'”> These studies suggest that
urate concentration measured systemi-
cally may serve as a robust predictor of the
brain neurodegeneration that leads to the
initiation and progression of PD.

The studies also raise the possibility that
central nervous system urate directly pro-
tects against the neuronal degeneration un-
derlying clinical deterioration in PD. Ce-
rebrospinal fluid may more closely reflect
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the microenvironment of degenerating neurons than does
blood.'* Accordingly, we used the clinical database from
a completed multicenter, randomized, placebo-
controlled trial (the Deprenyl and Tocopherol Antioxi-
dative Therapy of Parkinsonism [DATATOP] trial)'>'¢
to test the hypothesis that higher urate concentrations
in both CSF and blood specimens from patients with PD
predict a slower rate of clinical disease progression.

B METHODS

STUDY DESIGN

The DATATOP study was a 2-year, double-blind, randomized
trial originally designed to test the hypothesis that long-term
treatment of early PD with the monoamine oxidase type B in-
hibitor deprenyl (selegiline hydrochloride) and/or the antioxi-
dant a-tocopherol would extend the time until the emergence
of disability requiring therapy with levodopa.'> The 800 par-
ticipants were enrolled between September 1987 and Novem-
ber 1988 at 28 sites across the United States and Canada.

STUDY POPULATION

Subjects enrolled in the study had typical and early PD (Hoehn
and Yahr stages 1 and 2) of less than 5 years’ duration and were
excluded if they used symptomatic PD medication or had se-
vere tremor, serious dementia (Mini-Mental State Examina-
tion score =22), or depression (Hamilton Scale for Depres-
sion score =16). Subjects were reviewed and examined by
neurologists who were PD specialists. After baseline evalua-
tion, study participants were randomized according to a 2 X 2
factorial design to 1 of 4 treatment assignments: deprenyl (10
mg/d) and a-tocopherol placebo, a-tocopherol (2000 1U/d) and
deprenyl placebo, active deprenyl and active a-tocopherol, or
double placebo."”

SERUM AND CSF URATE CONCENTRATIONS
AND COVARIATES

Urate concentration was measured in serum samples col-
lected at the baseline visit prior to treatment assignment. Se-
rum was shipped without freezing to a central commercial clini-
cal laboratory (SciCor, Indianapolis, Indiana) for immediate
enzymatic assay of urate concentrations, which were available
for 774 of the 800 enrolled subjects. Values maintained in a
digitized database were not analyzed with respect to disease pro-
gression outcome measures until their retrieval in May 2006
specifically for this purpose.

Cerebrospinal fluid was collected at baseline after over-
night bed rest from 730 subjects (ie, 91.2% of enrollees, with
technical difficulties in performing lumbar punctures preclud-
ing the collection from the others)'® and at the end of the study
in 486 subjects. Specimens were rapidly frozen for storage at
-70°C after first splitting all CSF collection tubes into aliquots
with or without metabisulfite preservative added.'® Baseline and
final CSF urate concentrations were measured in 1991 by high-
performance liquid chromatography with electrochemical de-
tection from collection tubes containing the 18th to 20th
milliliter of lumbar CSF flow in 2 selected subsets totaling 290
subjects who had provided both baseline and final CSF collec-
tions.'” The values of CSF urate concentrations at baseline cor-
related well with those at the end of treatment or follow-up in
both subsets (Spearman coefficient=0.69; P<.001), a result that
supports the reproducibility of the assay as well as relatively
stable within-person CSF urate concentrations. For the present
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analyses, in 2008 we obtained CSF aliquots from the same col-
lection tubes (containing no metabisulfite preservative) and re-
peated the measurement of urate concentrations by high-
performance liquid chromatography with electrochemical
detection. For these assays, 50pM a-methyldopa served as an
internal standard. Baseline CSF urate concentrations could be
determined in 713 participants (ie, 97.7% of those from whom
abaseline CSF sample was obtained and stored). Although mean
CSF urate concentrations were lower than those measured in
1991, a good correlation was found between original urate con-
centrations and those measured in 2008 among the 277 indi-
viduals in both sets (Spearman coefficient=0.72; P<.001). Fur-
thermore, baseline serum urate concentrations correlated more
strongly with baseline CSF urate concentrations measured in
2008 (r=0.73) than in 1991 (r=0.58). These results provide
evidence of the stability of urate in these samples and of the
accuracy of CSF urate concentration measurements.

CLINICAL EVALUATION AND OUTCOMES

Following the baseline visit and initiation of study drugs, sub-
jects were scheduled for visits every 3 months until 24 months
had elapsed.'” At each visit the site investigator evaluated the
subject for disability sufficient to require dopaminergic therapy,
the primary end point for the study, and for the secondary re-
sponse variables, including the Unified Parkinson’s Disease Rat-
ing Scale (UPDRS) score (sum of the motor, cognitive, and ac-
tivity of daily living subscale scores).'” Because the UPDRS score
is modified by the dopaminergic treatment instituted at the pri-
mary end point, the annualized rate of change in the UPDRS
score was determined based on change from baseline to the pri-
mary end point (or the final visit if the primary end point was
not reached) for each subject and was calculated as follows:
[(total UPDRS score at the last assessment before initiation of
dopaminergic treatment-total UPDRS score at baseline)/
number of days between the 2 assessments] X 365 d/y. The vi-
tal status and date of death of participants in the DATATOP
trial were collected in 2001 to 2002 as previously described.”
The shortest time elapsed between enrollment and vital status
update was 13 years. Information was available for 768 sub-
jects with baseline serum urate concentration measurement.

STATISTICAL ANALYSIS

In the original trial, the hazard ratios (HRs) for the primary end
point were 0.50 (95% confidence interval [CI], 0.41-0.62) among
patients assigned to deprenyl and 0.91 (95% CI, 0.74-1.12) among
patients assigned to a-tocopherol.'” Accordingly, all of the analy-
ses were adjusted for assignment to deprenyl vs placebo.

Cox proportional hazards models were used to estimate the
HRs of reaching the primary end point according to quintiles
of baseline serum urate concentration, adjusting for sex, age
(in 5-year groups), and treatment assignment (deprenyl vs pla-
cebo). Initial analyses were conducted using quintiles based on
the combined urate concentration distribution in men and
women. However, because this categorization resulted in a mark-
edly skewed distribution within sex as expected, we also con-
ducted analyses based on sex-specific quintiles. Tests for trend
were conducted by including serum urate concentration as a
continuous variable in the proportional hazards models. Po-
tential confounding was assessed by adjusting the regression
analyses for body mass index (BMI) (calculated as weight in
kilograms divided by height in meters squared) and use of an-
tihypertensive drugs or nonsteroidal anti-inflammatory drugs
(use vs no use). With the exception of BMI, these adjustments
did not affect the results. Therefore, only the treatment-, age-,
and sex-adjusted results or the treatment-, age-, sex-, and BMI-
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Table 1. Baseline Characteristics of Study Participants According to Quintiles of Baseline Serum Urate Concentration

Baseline Serum Urate Concentration Quintile Al
Characteristic I 1 2 3 4 5 I Subjects
Serum urate concentration, mg/dL =3.90 3.91-4.60 4.61-5.20 5.21-6.20 =6.21 GAIE
Subjects, No. 162 140 149 165 158 774
Female, % 75.9 40.7 24.2 17.0 12.7 34.1
Age, median, y 62 63 61 63 63 62
BMI, mean 23.7 26.2 26.1 271 28.4 26.3
Current smokers, % 9.3 5.7 12.1 10.3 6.3 8.8
Using antihypertensive drugs for hypertension, % 6.8 741 7.4 8.5 15.7 9.2
Using thiazides, % 25 2.9 3.4 4.2 6.9 4.0
Using NSAIDs, % 22.2 22.1 20.1 27.3 17.6 21.9
Cardiac comorbidity, % 17.9 25.0 24.8 27.9 36.5 26.5
Time since onset per rater, y 1.9 2.0 2.0 2.0 1.9 2.0
Total UPDRS score, mean 25.1 25.7 25.4 26.4 24.5 25.5
UPDRS rest tremor score, mean 45 48 4.4 47 4.6 4.6
MMSE score, mean 28.8 28.9 29.0 28.8 28.8 28.9

Abbreviations: BMI, body mass index (calculated as weight in kilograms divided by height in meters squared); MMSE, Mini-Mental State Examination;
NSAIDS, nonsteroidal anti-inflammatory drugs; UPDRS, Unified Parkinson’s Disease Rating Scale.

2Value is expressed as the mean.

adjusted results are presented. Possible interactions were ex-
plored by including the cross-product of serum urate concen-
tration (continuous variable) with age (continuous in years),
sex, or deprenyl and a-tocopherol treatments in the propor-
tional hazards model. No interaction terms were significant,
and only results that do not include these terms are reported.
The results of these exploratory analyses, however, suggested
a possible interaction between a-tocopherol treatment and se-
rum urate concentration. Because both a-tocopherol and urate
have antioxidant properties, this interaction has some biologi-
cal plausibility. This interaction was examined further by es-
timating the HRs for the primary outcome in groups of sub-
jects classified according to both their serum urate concentration
and treatment group. The relationship between serum urate con-
centration and rate of change in the UPDRS score (between base-
line and the last visit before reaching the primary end point)
was assessed by linear regression with adjustment for treat-
ment, age, and sex using both common quintiles of serum urate
concentration and sex-specific quintiles. This analysis was
complemented by a repeated-measures analysis using all avail-
able UPDRS score determinations. This analysis was con-
ducted by fitting a linear mixed model with random intercept
and slope and fixed effects for treatment, age, sex, urate con-
centration, and the interaction between urate concentration and
a-tocopherol treatment. The association between serum urate
concentration and time from study enrollment until death was
investigated using Cox proportional hazards models adjusted
for treatment, age, sex, and smoking history (pack-years), with
or without further adjustment for cardiac morbidity at base-
line. Analyses for CSF urate concentration were conducted in
the same manner.

o a0

SERUM URATE CONCENTRATION

Serum urate concentration at baseline was available for
774 of the 800 subjects (96.8%; 510 men and 264 wom-
en) enrolled in the trial. Selected characteristics of these
subjects are shown in Table 1. As expected, serum urate
concentrations correlated positively with being male, BMI,
use of thiazide diuretics, and hypertension. Use of cal-

cium channel blockers was reported by only 17 patients
and showed no relationship to serum urate concentration.

Overall, 369 (47.7%) of these participants pro-
gressed to disability sufficient to require levodopa therapy
during follow-up. The HR of reaching this primary end
point declined with increasing concentrations of serum
urate (P for trend=.002) and was 36% lower among sub-
jects in the top quintile as compared with those in the
bottom quintile of serum urate concentration (HR=0.64;
95% CI, 0.44-0.94) (Table 2). This association was stron-
ger in men than in women, although a test for interac-
tion of urate concentration with sex was not significant
(P=.54). Further, in both sexes, the HR for reaching the
primary end point decreased with increasing BMI (P for
trend=.05 in men, P for trend=.02 in women). After ad-
justment for BMI, the association between serum urate
concentration and the primary clinical end point was par-
tially attenuated; the HRs for a 1-SD increase in serum
urate concentration were 0.89 in all subjects (P=.07), 0.85
in men (P=.04), and 1.01 in women (P=.94).

When subjects were classified simultaneously accord-
ing to serum urate concentration and a-tocopherol treat-
ment, a decreasing HR for reaching the primary end point
with increasing serum urate concentration was ob-
served among untreated subjects (HR=0.75;95% CI, 0.62-
0.89; P=.001) but not among those treated (HR=0.90;
95% CI, 0.75-1.08; P=.24), consistent with compari-
sons of baseline urate concentration quintiles (Figure 1A)
and unadjusted Kaplan-Meier analyses (eFigure; http:
/f'www.archneurol.com) in subgroups without or with o-
tocopherol treatment. Conversely, randomization to o-
tocopherol treatment appeared to lower the HR of reaching
the primary end point among subjects in the lowest quin-
tile of serum urate concentration (HR=0.59; 95% CI, 0.36-
0.97) but not among those with a higher serum urate con-
centration (Figure 1A). Further analyses were conducted
within sex. In men, the HRs for a 1-SD increase in se-
rum urate concentration were 0.74 (95% CI, 0.59-0.92;
P=.008) among subjects not receiving a-tocopherol and
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Table 2. Hazard Ratios for Reaching the Primary End Point According to Common Quintiles of Baseline Serum Urate Concentration
or Corresponding to a 1-SD Increase in Serum Urate Concentration?
All Subjects Men Women
(n=774) (n=510) (n=264)
Serum Urate | 1 I 1
Concentration, P P P
Serum Urate Concentration Quintile mg/dL No. HR(95%Cl) Value No. HR(95%Cl) Value No. HR(95%CI) Value
1 =3.90 162 1 [Reference] 39 1 [Reference] 123 1 [Reference]
2 3.91-460 140 0.88 (0.62-1.25) .47 83 0.88 (0.52-1.49) .63 57 0.90(0.53-1.51) .68
& 4.61-5.20 149 1.04(0.73-1.47) .83 113 1.17(0.71-1.91) .54 36 0.86(0.45-1.62) .63
4 521-6.20 165 0.80(0.55-1.15) .23 137 0.78 (0.48-1.29) .33 28 1.34(0.68-2.64) .40
5 =6.21 158 0.64 (0.44-0.94) .02 138 0.67 (0.41-1.11) .12 20 0.58 (0.23-1.50) .26
1-SD increase in serum urate concentration 0.82 (0.73-0.93) .002 0.81 (0.70-0.94) .005 0.89 (0.71-1.12) .32

Abbreviations: Cl, confidence interval; HR, hazard ratio.

3A 1-SD increase indicates an increase of 1.4 mg/dL. The HRs are adjusted for age, sex, and treatment group (deprenyl or placebo).
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Figure 1. Hazard ratio for reaching the primary end point according to
assignment to a-tocopherol (vitamin E) and quintile of baseline serum (A) or
cerebrospinal fluid (CSF) (B) urate concentration (referenced to placebo-treated
subjects in the lowest quintile). Error bars indicate 95% confidence intervals for
hazard ratios adjusted for age, sex, and treatment group (deprenyl or placebo).

0.88 (95% CI, 0.71-1.08; P=.21) among subjects receiv-
ing a-tocopherol. In women, the corresponding HRs were
0.73 (95% CI, 0.52-1.02; P=.006) for subjects not receiv-
ing a-tocopherol and 1.04 (95% CI, 0.69-1.59; P=.84)
for subjects receiving a-tocopherol. The interaction be-
tween a-tocopherol and serum urate concentration was
nonsignificant for men and for women (P for interac-
tion=.55 in men, and P for interaction=.06 in women).

No significant interaction was found between serum urate
concentration and deprenyl treatment; a decreasing HR
with increasing serum urate concentration was found in
the placebo-placebo and deprenyl-placebo groups but
not in the placebo—a-tocopherol and deprenyl-a-
tocopherol groups (eTable 1).

The change in UPDRS score between baseline and
either the time of reaching the primary end point or the
end of follow-up was available for 760 of the 774 sub-
jects with baseline serum urate concentrations. Overall,
the rate of UPDRS score change declined with increas-
ing serum urate concentration (P for trend=.03). As ob-
served previously for the primary end point, results were
more robust in men, although there was no statistically
significant interaction with sex. Among men, the ad-
justed rate of UPDRS score change declined from 14.8
points per year for subjects in the lowest quintile of se-
rum urate concentration to 8.9 points per year for those
in the highest quintile (P for trend=.03); comparable re-
sults among women were 11.0 and 8.2 points per year,
respectively (P for trend=.35). The relationship be-
tween serum urate concentration and the rate of UPDRS
score change was modified by a-tocopherol treatment (P
for interaction=.009) (Figure 2A). In separate mod-
els, among subjects not assigned to receive a-
tocopherol, the rate of UPDRS score change was 9.8 points
per year lower in the highest serum urate concentration
quintile than in the lowest quintile (P=.003), whereas
no difference was observed for subjects assigned to re-
ceive a-tocopherol (0.5 points per year higher in the high-
est quintile as compared with the lowest quintile; P=.89).
In analyses based on repeated measures, the overall as-
sociation between higher urate levels at baseline and a
slower rate of UPDRS score increase was even stronger
(P=.001). There was also a significant interaction be-
tween urate concentration and a-tocopherol treatment
(P=.003), and consistent with results observed in the pri-
mary analyses, higher levels of serum urate were strongly
associated with a slower rate of UPDRS score increase
among patients not treated with a-tocopherol (P=.001)
but not in those treated with a-tocopherol (P=.37). No
significant interaction was found between serum urate
concentration and deprenyl treatment (eTable 2).

Two hundred eleven men (41.4%) and 81 women
(30.7%) were identified as having died after 13 years of
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follow-up. In men and women combined, after adjust-
ment for deprenyl treatment, age, sex, and pack-years of
smoking (Table 3) and after adjustment for deprenyl
treatment, age, sex, pack-years of smoking, and cardiac
comorbidity at baseline (Table 4), serum urate con-
centration was not significantly associated with mortal-
ity. In men, however, the relationship between serum
urate concentration and mortality was a U-shaped
curve, with the lowest mortality in the fourth quintile of
urate concentration. In women, a suggestion of
increased mortality at any urate concentration higher
than that in the lowest quintile was not substantiated
statistically. No significant interactions between serum
urate concentration and a-tocopherol were found in
analyses on mortality.

CSF URATE CONCENTRATION

Mean urate concentrations in CSF collected at baseline
were higher in men (0.42 mg/dL) than in women (0.28
mg/dL) and, as expected, were substantially lower than
in serum.?! Despite the lower concentrations of CSF urate,
a strong correlation was found between CSF and serum
urate concentrations (r=0.73; P<<.001).

The primary clinical end point of disability was reached
by 342 of the 713 subjects (48%) for whom CSF urate con-
centrations were available. Overall, the HR of reaching the
primary end point of disability was significantly lower
among individuals with higher concentrations of CSF urate.
The HR comparing subjects in the highest quintile of CSF
urate concentration with those in the lowest quintile was
0.65 (95% CI, 0.44-0.96; P=.03); the HR associated with
a 1-SD increase in CSF urate concentration was 0.89 (95%
CI, 0.79-1.02; P=.09) (Table 5). Results were not signifi-
cantly different by sex, although a strong interaction was
found between a-tocopherol assignment and CSF urate
concentration (P for interaction=.009) (Figure 1B). As for
serum urate concentration, a significant decrease in the
HRs for the primary end point with increasing CSF urate
concentration was observed only among subjects not re-
ceiving a-tocopherol. The HR corresponding to a 1-SD in-
crease in CSF urate concentration was 0.77 (95% CI, 0.62-
0.96; P=.02) among men not treated with a-tocopherol
and 1.10 (95% CI, 0.90-1.34; P=.34) among those receiv-
ing a-tocopherol. In women, the corresponding HRs were
0.64 (95% CI, 0.40-1.03; P=.07) for subjects not as-
signed to a-tocopherol and 0.77 (95% Cl1, 0.43-1.37; P=.37)
for subjects treated with a-tocopherol. No significant in-
teraction was found between CSF urate concentration and
deprenyl treatment (eTable 3).

The change in UPDRS score between baseline and either
the time of reaching the primary end point or the end of
follow-up was available for 702 of the 713 subjects with
baseline CSF urate concentrations. Overall, the rate of
UPDRS score change was not related significantly to CSF
urate concentration. As observed for serum urate concen-
tration, however, the relationship between CSF urate con-
centration and the rate of UPDRS score change was modi-
fied by a-tocopherol treatment (P for interaction=.04)
(Figure 2B). Among subjects not treated with a-
tocopherol, the rate of UPDRS score change declined with
increasing CSF urate concentrations (P for trend=.05). Con-
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Figure 2. Mean annualized rate of Unified Parkinson’s Disease Rating Scale
(UPDRS) score change according to assignment to a-tocopherol (vitamin E)
and quintile of baseline serum (A) or cerebrospinal fluid (CSF) (B) urate
concentration. Error bars indicate standard errors of the mean adjusted for
age, sex, and treatment group (deprenyl or placebo). *Significantly different
from the placebo-treated subjects in the lowest quintile (P<<.001).
tSignificantly different from the placebo-treated subjects in the lowest
quintile (P<.01). FSignificantly different from the placebo-treated subjects
in the lowest quintile (P<.05).

versely, randomization to a-tocopherol treatment ap-
peared to lower the rate of UPDRS score change among sub-
jects in the lowest quintile of urate concentration measured
either in CSF (Figure 2B) or in serum (Figure 2A) but not
among those with higher urate concentrations. No signifi-
cant interaction was found between CSF urate concentra-
tion and deprenyl treatment (eTable 4).

DR COMMENT

Among subjects with early PD participating in a large ran-
domized trial, we found that both serum and CSF urate con-
centrations measured at baseline were inversely related to
clinical progression of PD. The internal consistency of the
results across the primary and secondary end points sup-
ports their validity. These findings, like data from a simi-
lar early PD trial (the Parkinson Research Examination of
CEP-1347 Trial [PRECEPT] study),”® demonstrate a ro-
bust link between blood urate concentrations and the rate
of clinical progression in PD. In addition, the association
of CSF urate concentration with disease progression
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Table 3. Hazard Ratios for Death From Any Cause According to Common Quintiles of Baseline Serum Urate Concentration,
Adjusted for Age, Sex, Treatment Group (Deprenyl or Placebo), and Pack-Years of Smoking
All Subjects Men Women
Serum Urate (n=768) (n=504) (n=264)
Concentration T 1 T 1 T 1
Quintile HR (95% Cl) P Value HR (95% Cl) P Value HR (95% CI) P Value
1 1 [Reference] 1 [Reference] 1 [Reference]
2 1.17 (0.77-1.78) A7 0.66 (0.38-1.15) 14 1.68 (0.90-3.11) 10
3 1.20 (0.78-1.83) A1 0.66 (0.38-1.12) 12 1.30 (0.64-2.66) A7
4 1.11 (0.72-1.72) .62 0.60 (0.35-1.02) .06 1.88 (0.89-3.97) 10
5 1.48 (0.96-2.27) .06 0.89 (0.53-1.50) 67 1.96 (0.89-4.33) 10
Abbreviations: Cl, confidence interval; HR, hazard ratio.
Table 4. Hazard Ratios for Death From Any Cause According to Common Quintiles of Baseline Serum Urate Concentration,
Adjusted for Age, Sex, Treatment Group (Deprenyl or Placebo), Pack-Years of Smoking, and Cardiac Comorbidity at Baseline
All Subjects Men Women
Serum Urate (n=768) (n=504) (n=264)
Concentration I | I | I |
Quintile HR (95% Cl) P Value HR (95% Cl) P Value HR (95% CI) P Value
1 1 [Reference] 1 [Reference] 1 [Reference]
2 1.12 (0.73-1.71) .61 0.63 (0.36-1.10) 10 1.66 (0.90-3.08) A1
3 1.14 (0.74-1.74) .56 0.63 (0.37-1.08) .09 1.29 (0.63-2.64) 49
4 1.05 (0.68-1.62) .83 0.56 (0.33-0.95) .03 1.85 (0.87-3.93) A1
5! 1.38 (0.89-2.12) 15 0.83 (0.49-1.39) A7 1.89 (0.83-4.30) 13

Abbreviations: Cl, confidence interval; HR, hazard ratio.

Table 5. Hazard Ratios for Reaching the Primary End Point According to Common Quintiles of Baseline Cerebrospinal Fluid Urate
Concentration or Corresponding to a 1-SD Increase in Cerebrospinal Fluid Urate Concentration?

All Subjects Men Women
CSF Urate CSF Urate (n=713) (n=473) (n=240)
Concentration Concentration, I 1 1 0
Quintile mg/dL No. HR (95% ClI) P Value No. HR (95% ClI) P Value No. HR (95% ClI) P Value
1 =0.23 143 1 [Reference] 38 1 [Reference] 105 1 [Reference]
2 0.24-0.32 143 0.78 (0.55-1.10) 16 81 1.05(0.61-1.81) .85 62 0.65(0.38-1.11) A1
3 0.32-0.39 144 0.70 (0.48-1.01) .06 109 0.96 (0.57-1.63) .89 35 0.51(0.26-1.03) .06
4 0.39-0.50 142 0.84 (0.58-1.22) .36 117 1.08 (0.64-1.80) .78 25 0.72 (0.34-1.55) 40
5 =0.51 141 0.65 (0.44-0.96) .03 128 0.85 (0.51-1.43) .54 13 0.47 (0.16-1.39) A7
1-SD increase in CSF urate concentration 0.89 (0.79-1.02) .09 0.93 (0.80-1.07) .28 0.79 (0.57-1.10) A7

Abbreviations: Cl, confidence interval; CSF, cerebrospinal fluid; HR, hazard ratio.
2A 1-SD increase indicates an increase of 0.16 mg/dL. The HRs are adjusted for age, sex, and treatment group (deprenyl or placebo).

strengthens the possibility that brain urate concentration
(or its determinants) might protect against the neurode-
generation of PD. Taken together, these data establish urate
as the first molecular predictor of clinical progression in
PD and provide a rationale for investigating the possibil-
ity that a therapeutic increase of urate in patients with PD
might act favorably to slow the disease course. Interest-
ingly, the inverse relationship between urate concentra-
tion and clinical progression was not observed among pa-
tients randomized to a-tocopherol at a dosage of 2000 IU/d,
suggesting that there may be an interaction between these
antioxidants.

There is strong evidence that oxidative stress and ni-
trative stress are major pathogenetic mechanisms in PD.">?*#
Urate is an effective antioxidant,' peroxynitrite scaven-
ger,”**" iron chelator,?® and ascorbate stabilizer.” In cellu-

lar models of PD neurodegeneration, urate can reduce oxi-
dative stress, mitochondrial dysfunction, and cell death
occurring spontaneously in culture or induced by the pes-
ticide rotenone, 1-methyl-4-phenylpyridinium, gluta-
mate, and iron ions.**3? Although urate appears to have the
potential for neuroprotection, it is possible that the pre-
dictive association between urate concentration and PD pro-
gression reflects instead the effect of a urate precursor, such
as adenosine or inosine, or another determinant of sys-
temic and CSF urate concentrations.

As compared with serum urate concentration, the
weaker association of CSF urate concentration to clini-
cal progression of PD may seem at odds with the
hypothesis that urate (or its metabolic precursors)
exerts a beneficial effect through presence in the central
nervous system. The CSF urate concentrations, how-
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ever, display a strong caudorostral gradient from the
lumbar space, with lumbar region values approximately
50% higher than those arising at the cisterna magna
(brainstem) level.*>** Although we consistently used
CSF aliquots obtained from the 18th to 20th milliliter
of CSF flow, variations in CSF circulation patterns
between patients*®—along with freezer storage for 20
years—may have contributed to a reduction of the
accuracy of this measure compared with assays of
freshly collected serum samples. In addition to techni-
cal variability, substantial biological differences between
the urate in CSF sampled from the subarachnoid space
and that in the degenerating neurons themselves may
lessen the strength of a CSF urate concentration—
clinical progression correlation in PD.

The finding that the inverse relationship between urate
concentration and clinical progression of PD was modi-
fied by a-tocopherol treatment was unforeseen be-
cause, as originally reported, no favorable effect of a-
tocopherol on PD progression was found among study
participants in the DATATOP trial.'® The mechanisms
for a possible interaction between urate and a-
tocopherol remain uncertain. Although hydrophilic (eg,
urate) and hydrophobic (eg, a-tocopherol) antioxi-
dants target different subcellular compartments, their
functional interactions have been described.’®*" Fur-
ther, a-tocopherol at doses commonly used in vitamin
supplements may reduce concentrations of other endog-
enous antioxidants,***° and a-tocopherol at high doses
may have pro-oxidant rather than antioxidant ef-
fects.*** Alternatively, a simple competitive interaction
or “ceiling effect” may have contributed to the observed
lack of a-tocopherol benefits among patients with PD with
higher urate concentrations as well as to the loss of the
inverse association between urate concentration and PD
progression among those receiving supplemental o-
tocopherol. Regardless of the mechanism for a possible
interact