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ABSTRACT: In Parkinson'’s disease (PD), the loss of dopamine-producing neurons in the substantia nigra (SN) leads to severe motor
impairment, and pathological inclusions known as Lewy bodies contain aggregated a-synuclein protein. The relationship of a-synuclein
aggregation and dopaminergic degeneration is unclear. This commentary highlights a recent study showing that the interaction of a-synuclein
with dopamine may be an important mechanism underlying disease. Elevating dopamine levels in mice expressing human a-synuclein with the
A53T familial PD mutation recapitulated key features of PD, including progressive neurodegeneration of the SN and decreased ambulation. The
toxicity of dopamine was dependent on a-synuclein expression; hence, raising dopamine levels in nontransgenic mice did not result in neuronal
injury. This interaction is likely mediated through soluble a-synuclein oligomers, which had modified conformations and were more abundant as
a result of dopamine elevation in the mouse brain. Specific mutation of the dopamine interaction motif in the C-terminus of a-synuclein rescued
dopamine neurons from degeneration in Caenorhabditis elegans models. Here, these findings are discussed, particularly regarding possible
mechanisms of oligomer toxicity, relevance of these models to sporadic and autosomal recessive forms of PD, and implications for current PD

treatment.
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Parkinson’s disease (PD) is the second most common neurode-
generative disorder behind Alzheimer’s disease, affecting more
than 7 million people worldwide and predicted to increase sig-
nificantly as the population ages.l? PD is primarily but not
exclusively a motor disorder, characterized by resting tremor,
muscle rigidity, slow movement, and postural instability. These
symptoms are largely due to the progressive loss of dopamine-
producing neurons in the substantia nigra (SN). Neurons in the
SN and other brain regions also develop abnormal intracellular
protein-rich deposits known as Lewy bodies.3 Shortly after the
discovery of a mutation in the gene encoding the presynaptic
protein a-synuclein in families with dominantly inherited
PD,* it was found that Lewy bodies contain aggregated
o-synuclein even in the sporadic form of the disease.” The rela-
tionship of these 2 defining features of PD—degeneration of
dopamine neurons and a-synuclein aggregation—is unknown;
however, our recent study® offers a possible mechanism that
may bridge these characteristic pathologies.

Despite the clear link between a-synuclein and disease, it
has been difficult to produce dopaminergic cell death in mice
by the transgenic expression of either wild-type or familial
PD mutants of a-synuclein. A possible explanation for this
is that critical disease factors are not at play in these models,
and one such factor may be dopamine itself. Dopamine oxi-
dation, which occurs spontaneously in the cytosol as well as

enzymatically during metabolism, generates electrophilic
quinones and reactive oxygen species.”8 These oxidation
products are known to be cytotoxic in vitro,’ yet few studies
have examined whether dopamine can compromise neuronal
health in vivo, and may thereby play a causative role in PD.
To investigate the toxicity of dopamine and its possible
synergism with o-synuclein in vivo, we manipulated levels of
both dopamine and a-synuclein in aged (10-month-old)
mice.® We achieved long-term elevation of dopamine using a
lentiviral vector targeted to the SN. This vector carried the
gene for tyrosine hydroxylase, the rate-limiting enzyme in
dopamine biosynthesis, mutated at 2 residues (R37E and
R38E) that are critical for feedback inhibition by dopamine
(TH-RREE).10-12 We first tested the effects of increasing
striatal dopamine levels (by more than 50%) in nontrans-
genic mice, and surprisingly we found that 5 months postin-
jection (mpi), there was no evidence of neurotoxicity.
Although we did not directly test for markers of oxidative
stress, we found that there was no loss of dopaminergic neu-
rons or synapses.® Moreover, the mice were hyperactive,
which is consistent with excess dopamine being packaged
into vesicles (where it remains reduced) and released into the
synapse.!3 Although the exact mechanisms by which cells
were able to tolerate an overabundance of dopamine are not
known, upregulation of the dopamine transporter (DAT) in

@ @@ Creative Commons Non Commercial CC BY-NC: This article is distributed under the terms of the Creative Commons Attribution-NonCommercial
4.0 License (http://www.creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use, reproduction and distribution of the work without
further permission provided the original work is attributed as specified on the SAGE and Open Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).


https://uk.sagepub.com/en-gb/journals-permissions
mailto:dmor@princeton.edu
https://www.ncbi.nlm.nih.gov/pubmed/28920936
http://dx.doi.org/10.1038/nn.4641

Journal of Experimental Neuroscience

these mice suggests that dynamic tuning of dopamine han-
dling/metabolic systems is sufficient to protect against dys-
regulated dopamine levels.

Strikingly, when we increased dopamine levels in mice
expressing human o-synuclein with the A53T familial PD
mutation,'* we observed a very different response. Within
2.5 months after TH-RREE vector injection, dopaminergic
synapses in the striatum were reduced by 25%, whereas cell
bodies in the SN remained intact, as compared with control
vector—injected A53T mice. By 5mpi, striatal denervation
had progressed to 62% loss of dopaminergic contacts, and
there was a 25% decrease in the number of cell bodies in the
SN. The loss of nerve terminals prior to the disappearance
of cell bodies mimics the disease progression in patients
with PD, in which there is evidence for degeneration begin-
ning at the synapse, causing a “dying back” of the axon and
eventually death of the soma.’® It appears that the early loss
of synapses in A53T TH-RREE mice already translated
into a functional deficit because these mice were not hyper-
active despite elevated dopamine levels at this time point
(2.5 mpi). Striatal dopamine levels dropped by 37% from 2.5
to 5 mpi, presumably the result of ongoing neurodegenera-
tion and the mice became hypoactive. Interestingly, A53T
TH-RREE mice had reduced ambulation at 5mpi despite
the fact that their dopamine levels had not fallen below
those of controls.® This may reflect a functional imbalance
among synapses that had degenerated and those that
remained and were still overproducing dopamine (from
TH-RREE expression).

This new mouse model, which undergoes nigrostriatal
degeneration and an associated locomotor impairment,
indicates that the combination of dyregulated dopamine
and a-synuclein can have dire consequences for the cell.
The nature of this interaction may be direct, as in the non-
covalent reaction of oxidized dopamine with a-synuclein
which has been observed in vitro,10111617 or indirect, for
example, through dysfunction of dopamine regulatory sys-
tems as a result of a-synuclein expression. In the latter case,
A53T mice may have an impairment in compensatory
mechanisms that were able to successfully maintain dopa-
mine homeostasis in nontransgenic TH-RREE mice. It is
not known whether DAT levels were upregulated in response
to excess dopamine in A53T TH-RREE mice, since the
substantial loss of synapses the substantial loss of synapses
caused an overall decrease in DAT.®¢ However, we previously
found that A53T mice naturally have higher dopamine lev-
els than nontransgenic mice,'® and in this study, we docu-
mented this as well as higher basal DAT levels,® suggesting
that dopamine regulatory mechanisms are intact. Future
investigations may wish to use this model to examine the
effects of a-synuclein on other components of dopamine
regulation and metabolism, particularly in the context of the
stress of excess dopamine.

To test the possibility of a more direct mechanism of toxicity,
we attempted to rescue neurons from degeneration by disrupting
the noncovalent interaction between dopamine and o-synuclein.
Using the genetically tractable model organism, Caenorhabditis
elegans, we first expressed human A53T a-synuclein in dopa-
mine neurons and observed neurodegeneration, consistent with
prior reports.’?0 Crossing these animals with those overexpress-
ing CAT-2, the worm homologue of tyrosine hydroxylase, sig-
nificantly enhanced neurotoxicity.® Next, we expressed CAT-2
along with A53T a-synuclein that was specifically mutated at
the site of interaction with dopamine (the Y;,;EMPS, 5, motifin
the C-terminus).!»'7 Remarkably, these worms were completely
resistant to the neurotoxicity of CAT-2, suggesting that dopa-
mine induces neurodegeneration in vivo through its reaction
with the C-terminus of a.-synuclein.

Intriguingly, the incubation of dopamine with a.-synuclein
in vitro results in the stabilization of potentially toxic
o-synuclein oligomers, and the Y;,;EMPS,, motif in the
C-terminus is required for this effect.1%11:1617 g-Synuclein
oligomers, which are intermediate species generated during
the aggregation process, are increasingly suspected of play-
ing a causative role in disease.?! To investigate for the first
time in vivo the effects of dopamine on a-synuclein oli-
gomerization, soluble a-synuclein was extracted from the
SN of A53T TH-RREE mice and A53T controls at 5 mpi.
Characterization of o-synuclein species using native size-
exclusion chromatography and sodium dodecyl sulfate poly-
acrylamide gel electrophoresis revealed that dopamine
increased total steady-state levels of oligomers and pro-
moted larger oligomer conformations.® Dopamine-induced
neurodegeneration may therefore be mediated by soluble
o-synuclein oligomers, providing a link between dopamine
toxicity and a-synuclein aggregation.

These findings raise many important questions, particularly
regarding the mechanisms by which dopamine-induced
o-synuclein oligomers may drive disease. Several potential
mechanisms have been proposed, including membrane damage,
mitochondrial dysfunction, endoplasmic reticulum stress, neu-
roinflammation, and impairment of protein degradation sys-
tems.?? In vitro, dopamine-stabilized o-synuclein oligomers
inhibit SNARE complex assembly, resulting in reduced neuro-
transmitter release.?® It is therefore possible that the decline in
striatal dopamine levels from 2.5 to 5 mpi in A53T TH-RREE
mice® was the result of a defect in dopamine release. In this case,
synaptic dysfunction may have led first to degeneration of the
nerve terminal, followed eventually by loss of the cell body,
which is consistent with the disease progression we observed.
Dopamine-stabilized oligomers also impair chaperone-medi-
ated autophagy in vitro,* and this mechanism may contribute
to cell death in vivo. Further investigation is necessary to deter-
mine whether these and other cellular processes are responsible
for neurodegeneration in A53T TH-RREE mice and the C
elegans models.
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Another critical question is the relevance of the A53T
o-synuclein mouse and worm models to sporadic PD and to
other familial forms of the disease. It must first be said that both
sporadic PD and PD caused by the A53T mutation in o-synuclein
are characterized by loss of dopaminergic neurons and abundant
Lewy body pathology. In sporadic cases, Lewy bodies contain
aggregates of wild-type o-synuclein.3 The A53T mouse model
develops widespread a-synuclein aggregation,'* and with
enhancement of dopamine levels, undergoes progressive degen-
eration of the SN, an eventual depletion of striatal dopamine, and
hypokinesia similar to the human condition.® In our study and
others, the expression of either AS3T or wild-type a-synuclein in
C elegans induces dopaminergic degeneration.®1%2 Moreover, the
interaction of dopamine and a-synuclein is not specific to the
A53T-mutant protein. We showed using recombinant wild-type
human o-synuclein incubated with dopamine in vitro that the
resulting oligomer species share biochemical properties with oli-
gomers derived from A53T TH-RREE mice and reduce cell
viability in primary neuronal cultures.® To further establish rele-
vance to sporadic PD, dopamine levels can be elevated in mice
overexpressing wild-type human a-synuclein.

Autosomal recessive forms of PD, caused by mutations in the
parkin, PINK1,and DJ1 genes, are similar to sporadic PD in terms
of motor symptoms and SN degeneration but typically lack Lewy
bodies.3 Although the role of ai-synuclein in these cases is unclear,
the A53T TH-RREE and C elegans models raise the possibility
that o-synuclein oligomers, and, in particular, dopamine-induced
species, may be as yet unappreciated sources of toxicity in these
forms of the disease. In addition, defects in mitochondrial
autophagy have been implicated in autosomal recessive PD.3 It
would be informative to use the new mouse and worm models to
examine the relationship between mitochondria, oi-synuclein, and
dopamine and thereby potentially better understand the shared
and distinct mechanisms among different types of PD.

Finally, a potential implication of our work is that clinical
use of the dopamine precursor, L-DOPA (r-3,4-dihydroxy-
phenylalanine), as treatment for PD may hasten neurodegen-
eration. Although more studies are needed, there is currently
no conclusive evidence from patients with PD indicating that
L-DOPA accelerates the disease.”> Moreover, by the time
motor symptoms have manifested and patients are seeking
treatment, a substantial percentage of SN cells are already
lost.”® The L-DOPA therapy provides significant sympto-
matic relief and therefore we advocate a cautious approach to
the interpretation of our findings regarding this issue.

Taken together, the data from our recent study® suggest the
tollowing scenario for neuronal demise in PD. Neurons may
form a-synuclein oligomers as a result of stochastic processes,
and if these species are able to escape proper clearance due to
age-related decline in protein quality control, they may come in
contact with cytosolic dopamine and become stabilized and/or
modified. The resulting species may then participate in aberrant
interactions in the cell, ultimately leading to neurodegeneration.

Targeting dopamine-induced o-synuclein oligomers may offer
new hope in the search for disease-modifying therapies for PD.
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