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Parkinson’s disease treatment: past, present and future
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Abstract

The substantial contributions of Dr Gerald Stern to past and current treatments for Parkinson’s
disease patients is reviewed, which form the foundation for an evaluation of future options to
control symptoms and halt progression of the disease. These opportunities will depend on a greater
understanding of the relative contributions of the environment, genetic and epigenetic influences to
disease onset, and promise to emerge as strategies for improving mitochondrial function, halting
synuclein and neuromelanin accumulation, in addition to refinement of stem cell and gene
therapies. Such advances will be achieved through deployment of improved models for the
disease.
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Past

My maotivation for embarking on postgraduate work, all those many years ago, was driven
by a fascination with the intricacies of brain biochemistry and how chemicals or drugs could
affect the balance between different neuronal systems. However, during this time it was my
collaboration with Gerald Stern that redirected me from this rather narrow outlook to a goal
to pursue meaningful clinical advances for patients with Parkinson’s disease (PD). Gerald’s
compassion for his patients and his dedication to developing new treatments options for
them was infectious and moitivating.

The greatest breakthrough in medical treatment for PD so far in our lifetime is the use of L-
dopa for treating the symptoms of PD and Gerald was the first neurologist in the UK to
administer L-dopa to PD patients, and to establish the first dedicated PD clinic in the
country. Gerald was also on the forefront of many other significant therapeutic advances that
have improved the lives of those with PD, notably the use of MAQ inhibitors (Elsworth et al.
1978; Lees et al. 1977) and directly-acting dopamine (DA) agonists (Stibe et al. 1988).
While these successes are well known, it is some of his lesser known studies that illustrate
his creativity and drive to alleviate the plight his patients. While doubtless some ventures
were never formally reported, the breadth of those that did are illustrative, including studies
with PD patients on the effect of amantadine (Hunter et al. 1970), metatyrosine (Sandler et
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al. 1972), melatonin (Shaw et al. 1973), thyrotrophin-releasing hormone (McCaul et al.
1974), lithium (McCaul and Stern 1974), baclofen (Lees et al. 1978), electroconvulsive
shock therapy (Ward et al. 1980), vitamin E (Stern 1987), and marijuana (Frankel et al.
1990). Further review of his writings also reveals an early appreciation of the potential value
of computerized tracking of patients’ symptoms (Cassell et al. 1973) and a prescient
investigation of nasal administration of therapeutics (Kleedorfer et al. 1991). Early in his
career, Gerald held a research appointment under the direction of Dr Mettler at Columbia
University, and during this time he was involved in brain lesion studies to advance
understanding of the regions involved in generating parkinsonian signs, and interestingly
these studies included the subthalamic nucleus (Stern 1966). This experience doubtless
influenced his view that surgery had a valuable place in PD treatment (Stern 1969). Since
that time of course the subthalamic nucleus has become a major target for DBS in the
treatment of parkinsonian motor symptoms (Bronstein et al. 2011; Faggiani and Benazzouz
2017).

These treatment options were designed to relieve the symptoms of PD or mitigate side
effects of antiparkinsonian drugs rather than intervene in the underlying disease process. In
order to achieve meaningful progress in halting or delaying the progression of cell loss in
PD, a greater understanding of the disease process is needed. Gerald voiced a cautionary
note about this (Stern 2012a) “If neurodegenerations have a combination of causes, and if
those causes are far more stochastic than generally conceded, then this may set limits on
what preventative or neuroprotective measures may be possible, as well as on prospects for
realistic favourable interventions during the course of a degenerative disease”. However,
Gerald followed this comment by “Lest the above appear unduly pessimistic, mention was
made above to Pandora. Ancient Greek mythology explains that when she opened her box,
she released all the evils of mankind. But left in the box was Hope”. The progress in the PD
research field in the past few years has certainly left us with “Hope” for better treatments
and possibly cures for PD in the near future.

All signs now point toward a-synuclein oligomers or fibrils playing a crucial role in the
spreading pathology in PD (Stefanis 2012), although it is uncertain what genetic or
environmental factors precipitate its aberrant processing or clearance that lead to abnormal
a-synuclein deposition in Lewy bodies. It should be remembered though that a-synuclein
pathology is not specific for PD, as it is also evident in other conditions such as multiple
system atrophy and Lewy body disease (Riederer et al. 2019). Though Alzheimer’s disease
and PD have been historically considered distinct neurodegenerative entities, there is
evidence for Lewy body pathology in and pathological tau aggregation in PD, suggesting
some overlap between these two disorders (Desikan et al. 2015). In fact, a-synuclein,
phosphorylated tau protein, amyloid beta and other proteins appear to show synergistic
effects in the underlying pathogenic processes (Giasson et al. 2003; Jellinger 2011). As with
the characteristic amyloid plaques in Alzheimer’s disease, the explanation for the presence
of synuclein-containing Lewy bodies in PD is controversial. These aggregates could be a key
component of the pathology, an endogenous protective mechanism or an epiphenomenon.
However, a recent finding has shed some light on the significance of neuromelanin in Lewy
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bodies and implicated them as a culprit in parkinsonian pathology. Thus, a rodent model has
been developed which overexpresses human tyrosinase, resulting in progressive production
of neuromelanin, reaching levels found in elderly human brains. When a particular threshold
of neuromelanin is attained, these animals develop PD-like pathology (Vila 2019). If
neuromelanin plays a key role in instigating neuronal loss, then PD patients may have
greater or accelerated accumulation compared to others. Such a scenario could arise from an
upregulation of tyrosinase-related enzymes or elevated levels of cytosolic dopamine, which
undergo metabolism and polymerization to form neuromelanin. The vesicular monoamine
transporter is recognized as the most important mechanism for controlling intracellular
dopamine concentrations, so it is intriguing that an inverse relationship has been observed in
human midbrain dopamine neurons between neuromelanin content and vesicular
monoamine transporter expression, indicating that more neuromelanin pigment is formed in
neurons that have lower vesicular monoamine transporter activity (Liang et al. 2004). The
implication that neuromelanin plays a key part in parkinsonian pathology resonates with its
ability to chelate iron, which in turn can increase oxidative-stress and may increase the
toxicity of environmental or endogenous toxins (Zecca et al. 2004). Indeed, nonhuman
primate dopamine neurons that contain neuromelanin are more susceptible to 1-methyl-4-
pheny1-1,2,3,6-tetrahydropyridine (MPTP) toxicity than non-melanized neurons (Herrero et
al. 1993). Thus, despite neuromelanin being the subject of scrutiny and speculation for many
years (Marsden 1983), its biosynthesis may yet emerge as a target for therapeutics in PD and

aging.

The proportion of PD cases that can be firmly attributed to identified genetic component
generally estimated to be quite small, which has led to the conclusion that most cases can be
attributed to environmental factors (Chen and Ritz 2018). Certainly there are identified
toxins that can induce PD or PD-like conditions, such as viral encephalitis, exposure to high
level of certain metals or particular pesticides/herbicides/fungicides (Chen and Ritz 2018).
But encountering such risk factors alone is not enough to account for the development of all
idiopathic cases PD. However, polymorphisms in genes not directly associated with PD
could translate to differential susceptibility to toxins and blur the distinction between
idiopathic and familial forms of PD. Particular attention has focused on the cytochrome
P450 enzyme, CYP2D6, which is highly expressed in the liver and certain areas of the
central nervous system, particularly the substantia nigra. CYP2D6 is one of the most
important enzymes involved in the metabolism of xenobiotics in the body and plays a role in
metabolism of approximately 25% of clinically used drugs. The CYP2D6 gene codes for
several splice variants and protein products with different catalytic activity. So-called “poor
metabolizers”, will incur greater impact than other individuals from environmental toxins
that rely on CYP2D6 for metabolism and it is relevant therefore that “poor metabolizers”
have an increased risk of developing PD (Ur Rasheed et al. 2017). This is just one example
of an interaction between genetics and environment relevant to induction of PD.

Recent advances have revealed a stronger genetic contribution in PD than previously
thought, uncovering the role of several PD-related genes in idopathic disease associated with
low penetrant mutations. Several recent genome-wide association studies (GWASS) and their
meta-analyses have increased the estimate of heritability of PD from the traditionally quoted
1-5% to potentially as much as 30% (Zhang et al. 2018) with discovery of over 40 loci
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associated with significant PD risk (Li et al. 2019). However, the identified single nucleotide
polymorphisms are usually located in the non-coding regions so that their influence on gene
expression and the interaction of multiple genetic risk factors needs to be deciphered. Future
approaches using a transcriptome-wide association study (TWAS) should be able to connect
putative PD susceptibility genes with specific regulatory functions associated with PD and
help prioritize future research (Li et al. 2019).

Another facet that muddies the distinction of environment and genetics is epigenetics, where
biochemical modifications to nucleotides in DNA can affect gene expression. Such
alterations can be inherited but also can be induced by toxin exposure, lifestyle and even be
influenced by the gut microbiome (Bullich et al. 2019). Thus, it seems likely that epigenetic
changes play an important role in the etiology and pathogenesis in some cases of PD (van
Heesbeen and Smidt 2019), and it is apparent that the synuclein gene is particularly prone to
epigenetic modification (Sharma et al. 2019). It is increasingly clear that onset of PD cannot
be traced to a single factor and that for most cases it is the result of an unfortunate
combination of genetic polymorphisms, epigenetic changes and various environmental
factors.

Even though there are several discrete populations of dopamine neurons in brain and
synuclein is one of the most abundantly and widely expressed proteins in brain, it is
obviously relevant to the etiology of PD that nigrostriatal DA neurons containing synuclein
aggregates are preferentially lost in this disease. Indeed, several facets of nigrostriatal DA
neurons appear to render them susceptible to damage. This population has particularly high
energy demands and low spare respiratory capacity (Pissadaki and Bolam 2013). They have
long unmyelinated axons and extensive arborization, making their energy demands much
higher than for most neurons (Pacelli et al. 2015). To maintain basal DA tone across the
expansive region of their arborization, they fire with slow rhythmic action driven by L-type
calcium channels creating large oscillations in intracellular calcium concentrations
(Surmeier et al. 2017). As substantia nigra DA neurons have relatively low calcium-
buffering capacity, the high intracellular calcium levels favor elevated oxidative stress, which
under certain conditions can damage mitochondria (Duda et al. 2016). Mitochondrial
homeostasis is achieved by a balance fission and fusion cycles in response to metabolic or
environmental stresses (Youle and van der Bliek 2012). Fusion mitigates the burden of
partially damaged mitochondria by mixing its components with undamaged mitochondria.
Fission creates new mitochondria, and also contributes to quality control by segregating and
removing of seriously damaged mitochondria. It is probably relevant to PD pathology that
the maintenance of mitochondrial fusion-fission is associated with the function of a-Syn and
other PD-related genes (Pozo Devoto and Falzone 2017)

Peroxisome proliferator-activated receptor-gamma coactivator (PGC)-1a is a transcriptional
coactivator that acts as a so-called master regulator of mitochondrial metabolism. An
exciting link between PGC-1a and PD pathogenesis emerged several years ago (Zheng et al.
2010). This study involved a genome-wide analysis of data from laser-captured post-mortem
DA neurons from PD patients. The gene sets with the strongest association to PD were
associated with PGC-1a, and the authors surmised that disruption of PGC-1a may be a root
cause of PD. Consequently, the development of drugs targeting PGC-1a pathways has
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emerged as an enticing target for therapeutic interventions designed to improve
mitochondrial function and progression of PD symptoms. It is clear that in order to harness
therapeutic benefit from interventions that adjust PGC-1a function and boost mitochondrial
function, a greater understanding of PGC-1a regulation and signaling cascades is needed
(Lindholm et al. 2012). One such an approach would be activation of a downstream
effectors, such as peroxisome proliferator-activated receptor gamma (PPAR-y), known to
have antioxidant properties in mitochondria.

The anti-diabetic drug, pioglitazone is recognized as a PPARy agonist that has promising
preclinical results in animal models of PD (Machado et al. 2019; Swanson et al. 2011),
although little is known about the precise molecular mechanisms that lead to these
neuroprotective effects. We have recently found that pioglitazone administration activates
expression in brain of an interesting, but little-studied, mitochondrial enzyme,
paraoxonase-2 (PON2) (Blackburn et al. 2020). Located on the inner mitochondrial
membrane, PON2 enhances the function of coenzyme Q in the electron transport chain and
subsequently reduces the production of reactive oxygen species that can lead to oxidative
stress (Devarajan et al. 2011). PON2 is most highly expressed in dopamine-rich regions of
brain (Costa et al. 2014) and PON2 deficiency hypersensitizes neurons to oxidative stress
induced by 1-methy1-4-phenylpyridinium (MPP+), the toxin generated in vivo following
MPTP delivery (Parsanejad et al. 2014). Interestingly, in rodents and primates PON2
expression peaks during development and has fallen by adulthood (Garrick et al. 2016),
which coincides with age-related susceptibility of dopamine neurons to the parkinsonian
protoxin, MPTP and to methamphetamine in primates (Morrow et al. 2011; Morrow et al.
2012).

Pioglitazone has had mixed outcomes in clinical studies with PD patients (Brakedal et al.
2017; Investigators 2015; Wu et al. 2018), although it should be noted that the lack of a
detectable effect in negative studies could be due to the relatively low dose of pioglitazone
employed, compared with preclinical studies, and/or the short duration of pioglitazone
treatment. In addition, the loss of nigrostriatal DA neurons in particular patient populations
may have been too great for a protective effect to be discerned. Thus, it may be too soon to
dismiss the potential benefits that glitazone drugs offer in PD, especially in patients with
type 2 diabetes or dementia (Lu et al. 2018; Tseng 2018). We suspect that the pioglitazone-
induce increase in expression of PON2 in striatum likely contributes to the neuroprotective
effects of the drug observed in preclinical models of PD, ischemia and stroke (Cai et al.
2018). We hope that our new data stimulate research into other pharmacological tools to
activate PON2 expression in brain and achieve neuroprotection. Stimulation of central PON2
expression in adults promises to be successful and well-tolerated as it relies on reinstating
the relatively high levels that occurred during development.

For over the past 40 years there has been hope that replacement of lost DA neurons in PD
could translate to an effective and standardized treatment for the condition (Lindvall 2015;
Parmar 2018), and Gerald certainly contributed to experimental efforts to make this a reality
(Zhou et al. 1997). Clinical trials using transplantation of fetal ventral mesencephalic tissue
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to the striatum of PD patients produced variable outcomes, which have been attributed to the
number and distribution of DA cells implanted, “contamination” of the implant with cell
detrimental to the goals, the health of cells when grafted, the technique used to transfer cells
to the brain, the particular patient population studied and the vagaries of the immunogenic
profile of donor tissue and recipient host system (Lindvall 2015). Clinical studies were
derailed upon the discovery of an increased risk of graft-induced dyskinesia following fetal
tissue implantation in PD patients, but have recently been revived in limited capacity upon
insight into probable causes of this side effect (Abbott 2014). However, the use of fetal
tissue in the treatment of PD still has certain obstacles; the ethical issue that some have
related to acquisition of fetal tissue, the limited availability of such tissue and the variable
propensity of grafted tissue from one source to be rejected when implanted in the brain
another subject. The rapid progress in knowledge of stem cell biology offers to alleviate
these barriers, in addition to some of the other stumbling blocks that hindered the
implementation of fetal tissue grafting as a reliable approach for treatment of PD. One of the
most promising paths forward is the derivation of stem cells from somatic cells (e.g.,
fibroblasts from skin), and differentiation of these cells to an unlimited number of DA
neurons that closely resemble those that naturally arise in the substantia nigra pars
compacta. Generation of stem cells from adult cells can be achieved by somatic nuclear
transfer or by using transcription factors to reprogram cells to “induced” pluripotent stem
cells (iPSCs). The latter type of cell is technically easier to produce than the former and
clinical trials or PD are underway using DA neurons derived from iPSCs. Studies in NHP
suggest that somatic cells taken from the patient and implanted later as DA neurons
(immune-matched) will probably fare better than non-matched or partially matched cells
(Morizane et al. 2017), although we have to be cognizant of the potential of matched cells to
acquire a foreign signature during its in vitro manipulations. In addition, the potential
advantages of somatic nuclear transfer should not be overlooked in the haste to implement
iPSC-based therapeutics (Wolf et al. 2017).

In terms of the time for basic science discoveries to mature to clinically useful applications,
it is interesting to reflect that 25 years ago a commentary in “Science” on cellular
transplantation approaches to PD treatment, concluded “many of those gazing into the future
of Parkinson’s therapy see a time when there will be therapies that rescue a patient’s own
dopaminergic neurons, making neuron grafts unnecessary. One candidate as a substance for
preventing the death of dopaminergic neurons is glial-derived neurotrophic factor (GDNF)”
(Barinapa 1995). Soon after this statement the era of neurotrophic factor gene therapy for
PD began in earnest (Choi-Lundberg et al. 1997) and while still not yet established as a
recognized treatment option for the disease, there is an ongoing GDNF gene therapy clinical
trial for PD. Progress in the gene therapy field has been dependent on development of
improved vectors. For in vivo gene therapy recombinant adeno-associated viral (rAAV)
vectors are now well established, based on their safety and ability to transduce non-dividing
cells such as neurons with high efficiency and achieve persistent transgene expression. A
challenge for gene therapy of PD has been to target the affected pathways selectivity and
sufficiently with minimally intrusive methods. A recent breakthrough has been the
engineering of novel AAV capsids, such as the AAV9 and related serotypes (Wang et al.
2018), which have gained popularity due to their ability to traverse the blood-brain barrier
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and transduce brain cells following systemic administration. No doubt these new AAV
serotypes will be harnessed to deliver other potentially therapeutic genes to the brains of
parkinsonian patients, including aromatic amino acid decarboxylase and glutamic acid
decarboxylase in addition to neurotrophic factors (Christine et al. 2019; Kaplitt 2019; Kirik
etal. 2017).

Mention was made earlier of Gerald’s involvement in early studies involving intranasal
delivery of small molecule therapeutics (Kleedorfer et al. 1991). More recently it has
become apparent that this route can provide convenient access to the brain for gene vectors
such as nanoparticles and even stem cells (Aly and Waszczak 2015; Danielyan et al. 2011).
This is an intriguing strategy albeit with the potential for “off-target” effects, although with
stem cells there is the possibility that chemoattractant signals from the comprised
nigrostriatal dopamine system pathway could provide appropriate guidance (Bjugstad et al.
2008; Carney and Shah 2011).

Progress in PD research will rely on the use of appropriate testing models. With animal
models, the choice of species employed is a critical factor, as illustrated by well-known
example of primate susceptibility to MPTP compared with rodents (Chiueh et al. 1984). A
lesser known example was provided with quintessential wit by Gerald (Stern 2012b), where
he describes the unique sensitivity of horses to develop nigropallidal necrosis following
consumption of the plant, yellow star thistle! Newer approaches to modelling include the ex
vivo study of patient-derived induced-pluripotent stem cells and three-dimensional organoid-
based culture systems, which permit further insight into Parkinson’s disease pathogenesis
and potential therapeutic targets (Grenier et al. 2020; Marotta et al. 2020). In vivo modeling
has also advanced, now allowing the creation of transgenic animals, including nonhuman
primates (Chen et al. 2019; Scaduto 2016), although this is challenging for diseases that
stem from multiple genetic loci containing risk variants. Theoretically at least there is the
specter of interspecies chimeras from closely related species, such as those between humans
and other primates in order to model CNS diseases with complex genetic contributions,
using interspecies blastocyst complementation (De Los Angeles et al. 2019); | wonder what
Gerald would have thought of that!

As we peer into to the future of PD research and push ahead without Gerald, we should
remember his tremendous spirit and contributions and be inspired by his “Hope” (while
avoiding hype) in seeking better treatments and cures for PD.
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