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Abstract

To investigate the putative interaction between chronic exposure to adenosine receptor antagonist
caffeine and genetic influences on Parkinson’s disease (PD) we determined whether deletion of
the adenosine Apa receptor in knockout (KO) mice protects against dopaminergic neuron
degeneration induced by a mutant human a-synuclein (hm2-aSYN) transgene containing both
AB53T and A30P. The Ay KO completely prevented loss of dopamine and dopaminergic neurons
caused by the mutant a-synuclein transgene without altering levels of its expression. The
adenosine Ay receptor appears required for neurotoxicity in a mutant a-synuclein model of PD.
Together with prior studies the present findings indirectly support the neuroprotective potential of
caffeine and more specific Apa antagonists.

Introduction

Adenosine A, receptor antagonists are emerging as promising candidates for non-
dopaminergic therapy for Parkinson’s disease (PD) in part due to symptomatic effects on
motor deficits in preclinical models, and selective expression of the A, receptor within the
basal ganglia. Consumption of caffeine a non-specific Apa receptor antagonist has been
consistently linked to reduced risk of developing PD.1 Caffeine protects against
dopaminergic nigrostriatal toxicity in a number of PD models.2:34:5 Similar protective
effects are consistently observed with specific Ay antagonists® and in mice lacking the Ayp
receptor due to global? or neuronal knockout (KO)? of its gene. Recently, polymorphisms in
the human Ay receptor gene (ADORA2A) have been linked to a reduced risk of PD.8 To
explore the effect of chronically disrupting adenosine Ay receptor signaling in a
progressive genetic model of neurodegeneration in PD, we crossed Apa KO mice with one
of the few transgenic a-synuclein lines that feature progressive loss of dopamine and
dopaminergic neurons characteristic of the disease.?10 Assessments of the integrity of the
dopaminergic nigrostriatal system of their offspring in late life indicated an essential role of
adenosine Ay receptors in the neurodegenerative effect of mutant a-synuclein in a mouse
model of PD.

Materials and Methods

Animals

Heterozygous Axa (+/—) KO mice in a C57BI/6 background (back-crossed 8 generations;
N8) were mated with heterozygous A (+/—) KO mice that were also transgenic for wild-
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type (WT) hw-aSYN or the doubly mutant hm2-aSYN form of the human a-synuclein gene
under the control of a 9-kb rat tyrosine hydroxylase (TH) promoter.® The latter mice were
generated by crossing N8 homozygous Asa (—/—) KO mice to transgenic hw-aSYN and hm?-
aSYN mice, which had been backcrossed with C57BI/6J mice 3—4 times after receipt from E.
K. Richfield. Non-transgenic (NT) controls generated from these crosses were also used.
The six genotypes used in this experiment included: ApaWT [NT (n=6M, 6F)); hw-aSYN
(n=4M, 6F); hm2-aSYN (n=4M, 5F)]; A;aKO [NT (n=7M, 6F); hw-aSYN (n=4M, 4F); hm?-
aSYN (n=6M, 5F)]. Behavioral (see supplemental text and figures S1-S4) and
neurochemical assessments were conducted on both sexes, with anatomical measures
performed only on male samples.

Tissue Processing and Analysis

Mice were sacrificed by cervical dislocation at 20-24 months of age. The brain was
removed and rostral and caudal portions separated by an axial cut made across the whole
brain at the tail end of the striatum. Both striata were removed and frozen at —80°c until use.
The remaining caudal brain portion was immediately fixed, placed in cryoprotectant and
stored at —80°C until use. The striatum was assayed for dopamine and 3,4-
dihydroxyphenylacetic acid (DOPAC) by standard reverse phase high performance liquid
chromatography with electrochemical detection as routinely performed in our laboratory.2
Fixed brains were cut on a Leica microtome into 30 um-thick sections and stored for
immunolabeling studies in a cryoprotectant consisting of 30% sucrose, 30% ethylene glycol
in 0.1M phosphate buffer. Sections were chromogenically stained for TH immunoreactivity
(IR) followed by counterstaining with Nissl.® Double label fluorescence
immunohistochemistry (IHC) for both TH and ha-SYN was performed on 4 brain sections
each from mice in the two hm2-aSYN groups and data analyzed using an optical density
(OD) measure. To determine a-synuclein expression the OD of the a-synuclein and TH
immunoreactivities was measured in 100 randomly sampled TH+ neurons within the SNpc
using Fluoview software to determine the ratio of h-aSYN: TH+ OD’s. Quantitative OD
values for each neuron were generated at 40x magnification for both TH and a-synuclein
expression using green and red filters respectively. Stereological assessment of neuronal loss
in midbrain sections performed as previously described,® was limited to the substantia nigra
pars compacta (SNpc). All counts were performed by a single investigator blinded as to the
groups.

Statistical Analysis

Data values reported for dopamine, DOPAC content and stereological cell counts are
expressed as mean + SEM. Within and between group comparisons were performed using t-
test and one-way ANOVA followed by Bonferroni post hoc analysis, respectively.

Results

Mutant a-synuclein-induced striatal dopamine loss requires the A,p receptor

In line with the previous finding of an age-dependent loss of striatal dopamine in hm2-aSYN
mice? in the striatal DA content of aged, hm2-aSYN mice was reduced by approximately
35% compared to transgenic hw-aSYN and NT controls (Figure 1A). By contrast, mutant o-
synuclein appeared to have no effect on striatal DA level in mice lacking the A, receptor.
Similarly, the level of DA metabolite DOPAC was reduced in striatum of hm2-aSYN mice in
the presence of adenosine Ay receptors but not in their Apa KO littermates (Figure 1D).
Separating the DA data out by sex showed a similar profile for male and female mice
(Figure 1B and C, respectively). Despite the DA deficiency observed in hm2-aSYN mice no
associated behavioral deficit was detected (see Supplementary Materials), possibly
reflecting compensatory mechanisms.
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Dopaminergic neuron degeneration induced by transgenic mutant human a-synuclein is
prevented in mice lacking the adenosine Ajp receptor

Given the similar profiles in neurochemical changes between the sexes as well as lesser
variability of nigral neuron number among male mice, only male mice were used to assess
a-synuclein-A,p interaction at the level of neuronal cell counts. Consistent with the
characteristic age-dependent loss of dopaminergic nigral neurons in hm2-aSYN mice®, the
mutant a-synuclein mice (at an average age of 22 months) possessed 40% fewer TH+ nigral
neurons than its WT h-aSYN and NT controls. By contrast, in the absence of A, receptors
this attenuation was completely prevented (Figure 2A, C). Differences of TH+ nigral
neurons between groups could not be attributed to altered TH expression since there were no
differences in TH-nigral neuronal counts between groups (Figure 2B, C).

Absence of mutant a-synuclein-induced neurodegeneration in A;poKO mice is not due to
reduced transgene expression

We explored whether altered h-aSYN expression might have contributed to the lack of a
mutant a-synuclein effect on striatal DA or TH+ nigral neuronal cell counts in Apa KO
mice. The expression of h-aSYN protein product in dopaminergic nigral neurons was
compared in hm2-aSYN male mice with or without A, receptors, using double-label IHC to
normalize human a-synuclein-IR to TH-IR in the cell bodies of the SNpc. TH and h-aSYN
immunoreactivities co-localized (Figure 3A) as previously reported.® The data showed no
appreciable difference for the ratio of h-aSYN-IR:TH-IR optical densities in TH+ cells,
between mice lacking or expressing the A, receptor (Figure 3B).

Discussion

The present findings confirm the neurodegenerative phenotype in aging double mutant o-
synuclein transgenic mice? and identify a requisite facilitative role of the adenosine App
receptor in this toxicity. Significant losses of striatal DA and nigral dopaminergic neurons
were demonstrated in hm2-aSYN mice, compared to both their transgenic (hw-aSYN) and
non-transgenic controls, and were attenuated or prevented in mice lacking the adenosine
Ao receptor. Reversal of mutant a-synuclein toxicity by Apa receptor depletion highlights
the interplay between toxic and protective influences on dopaminergic neuron viability,
raising the possibility that adenosine A, receptor antagonists including caffeine produce
their well-documented neuroprotective effects in PD models by preventing synuclein-
induced toxicity.

Although the Apa KO phenotype has consistently recapitulated the neuroprotective effects
of A, antagonists in multiple neurotoxin models of PD, 1112 caution is warranted in
extrapolating from the present genetic evidence for an adenosine Ay receptor/a-synuclein
link in mice. Despite advantages of absolute specificity and complete inactivation, knockout
approaches to receptor function have their own limitations and do not always predict
antagonist actions.13 Accordingly, it remains to be determined whether chronic
pharmacological blockade of Ay receptors prevents a-synuclein pathology.

We considered whether attenuated hm2-aSYN toxicity observed in Ay KO mice could be
attributed to a simple technical artifact of reduced transgene expression in the knockout.
However, analysis of the ratio of human a-synuclein and TH immunoreactivities in
dopaminergic neurons of the SNpc in hm2-aSYN mice showed indistinguishable values
between Aya KO and WT littermates, suggesting that neuroprotection afforded in hm2-aSYN
mice by elimination of the Ay receptor is not through attenuation of h-aSYN expression.

It remains unclear how genetic deletion or pharmacological blockade of the A, receptor
attenuates the death of dopaminergic neurons in models of PD, although multiple
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mechanisms have been advanced, including the attenuation of excitotoxic and inflammatory
effects of Ay receptor activity.12 Similar uncertainty exists over the mechanisms by which
human a-SYN mutations or overexpression can produce neurodegeneration in PD and its
models. However, consistent with evidence that a-synuclein toxicity may be mediated by
proteosomal (ubiquitin system) dysfunction,4 the ubiquitin proteosomal system (UPS) is
impaired in aged transgenic mutant hm2-aSYN mice like those studied here, compared to
their transgenic WT hw-aSYN and non-transgenic controls.1> Whether the prevention of cell
loss observed in Apa KO mice is due to attenuation of UPS dysfunction or downstream
mediator of a-synuclein toxicity remains to be clarified. Another plausible explanation
involves a limitation of genetic deletion studies, such that the absence of the A, receptor
throughout development may have resulted in an adult KO phenotype that in its own right
might have influenced a-SYN toxicity. Although morphological and neurochemical
assessments of the constitutive A4 KO mice have not supported a developmental
phenotypel. This question could be definitively addressed in future studies with the use of a
conditional brain-specific A,a KO-transgenic synuclein model.

With multiple specific adenosine A, antagonists as well as caffeine currently progressing
through phase 11 and 111 clinical trials for the symptomatic treatment of PD1’, this class of
agent is well positioned for clinical testing of its neuroprotective potential. The present
findings strengthen the rationale for disease modification trials of A, receptor antagonism.
They complement epidemiological data on caffeine links to a reduced risk of PD, and
substantially broaden the preclinical evidence for A, receptor-dependent
neurodegeneration from acute toxin (e.g., MPTP and 6-OHDA) models!? to an established
chronic progressive (mutant human «SYN) model of PD. The results also strengthen the
contemporary view that PD etiopathogenesis reflects an interplay between genetic (e.g.,
mutant a-synuclein) and environmental (e.g., adenosine A, receptor disruption) influences,
and highlight the therapeutic potential of modifying the latter.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig.1. Mutant a-synuclein-induced striatal dopamine and DOPAC loss requires the Asa receptor
(A) Striatal dopamine (DA) content was measured at 20—24 months of age in non-transgenic
(NT) mice and those transgenic for the wild-type (hw-aSYN) and the double mutant (hm?2-
aSYN) human synuclein gene. See Materials and Methods section for numbers of mice/
group. *p<0.001 vs NT and hw-aSYN; #p<0.01 vs ApaWT [hm2-aSYN]; individual one-way
ANOVAs with transgene as the between factor and subsequent post hoc analysis to
determine differences between transgenic groups within an A, genotype; and unpaired t-
test for within transgene comparison between Aya genotypes. (B) Striatal DA level for male
mice. *p<0.01 vs NT and hw-aSYN; #p<0.01 vs ApaWT [hm2-aSYN]; individual one-way
ANOVAs with transgene as the between factor and subsequent post hoc analysis to
determine differences between transgenic groups within an A, genotype; and unpaired t-
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test for within transgene comparison between A, genotypes (C) Striatal DA level for
female mice. *p<0.05 vs NT and hw-aSYN; #p<0.05 vs AppAWT [hm2-aSYN]; individual one-
way ANOVAs with transgene as the between factor and subsequent post hoc analysis to
determine differences between transgenic groups within an Ay genotype; and unpaired t-
test for within transgene comparison between A, genotypes. (D) Striatal DOPAC content
for male and female mice.*p<0.001 vs NT and hw-aSYN; #p<0.05 vs ApaWT [hmZ-aSYN];
individual one way ANOVAs with transgene as the between factor and subsequent post hoc
analysis to determine differences between transgenic groups within an A, genotype; and
unpaired t-test for within transgene comparison between A, genotypes.
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Fig.2. Dopaminergic neuron degeneration induced by transgenic mutant human a-synuclein is

prevented in mice lacking the adenosine A receptor
(A) Stereological cell counts of TH-immunoreactive (TH+) neurons from male mouse

brains. See Materials and Methods section for numbers of mice/group. *p<0.01 vs NT and
hw-aSYN; #p<0.01 vs AppaWT [hm2-aSYN]; individual one-way ANOVAs with transgene as

the between factor and subsequent post hoc analysis to determine differences between
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transgenic groups within an Ay genotype; and unpaired t-test for within transgene
comparison between Ay genotypes (B) TH-nigral (Nissl) neurons were assessed in brain
sections from male mice. p>0.05; one way ANOVA with post hoc analysis and t-test. (C)
Representative photomicrographs showing chromogenically stained TH+ and TH-neurons of
the SNpc. Scale Bar = 60um.
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Fig. 3. Absence of mutant a-synuclein-induced neurodegeneration in ApaKO mice is not due to
reduced expression of mutant a-synuclein

Brain sections from mice transgenic for the double mutant (hm2-¢SYN) human synuclein
gene were used. Double label fluorescence IHC for expression of TH and a-synuclein was
performed. (A) Fluorescent images (10x) generated from double label staining for TH
(green), a-synuclein (red), and merged (yellow) are shown. (B) Ratio of a-synuclein O.D/
TH+ O.D. in SNpc TH+ neurons; p>0.05; Student’s t-test. Scale Bar = 60pm.
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