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Here we advance the hypothesis that Parkinson's disease (PD) is fundamentally a failure of trophic support for specific classes of neurons, primarily catecholaminergic. Evidence from our laboratory provides a framework into which a broad array of findings from many quarters can be integrated into a general theory that offers testable hypotheses to new and established investigators. Mice deficient in the ability to synthesize series-a gangliosides, specifically GM1 ganglioside, develop parkinsonism. We found that this seems to be due to a failure in signaling efficiency by the important catecholaminergic growth factor, GDNF. Interestingly, these mice accumulate alpha-synuclein in nigral neurons. Striatal over-expression of GDNF eliminates these aggregates and also restores normal motor function. These findings bring into question common beliefs about alpha-synuclein pathology and may help us to reinterpret other experimental findings in a new light. The purpose of this article is to provoke new thinking about PD and hopefully encourage younger scientists to explore some of the ideas presented below.
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INTRODUCTION

Parkinson's disease (PD) is an anatomically progressive (Del Tredici et al., 2002) neurodegenerative disease that preferentially, but not exclusively, targets catecholaminergic neurons. Although much attention has been focused on dopaminergic neurons in the brain, PD patients suffer a wide array of systemic pathologies that are observable in terms of loss of cardiac sympathetic innervation with consequent orthostatic hypotension (Senard et al., 2001), myenteric neuron atrophy with consequent severe constipation (Stirpe et al., 2016), derangement of olfactory function (Berendse and Ponsen, 2006), loss of cholinergic innervation in pancreas (Gjerloff et al., 2015) and alterations in saccadic eye movement (Buhmann et al., 2015). Abnormalities can also be detected in the skin of PD patients (Gregory and Miller, 2015) and neurovasculature (Mure et al., 2011). In addition, there is strong evidence that synaptic failure rather than cell death is a primary driver of Parkinsonian degeneration (Kordower et al., 2013). Thus, any explanation of where PD pathology arises and what to do about it must advance a common pathological mechanism not limited to specific cellular phenotypes but to more fundamental pathologies. In this article, we propose a comprehensive hypothesis that is worthy of further investigation and, at the very least, advances a remarkable mouse model of the disease that appears to recapitulate spontaneously and progressively many of the major symptoms of the human disease.

THE B4GALNT1 KNOCKOUT (KO) MOUSE

The B4GALNT1 gene encodes the enzyme, beta-1,4-N-acetyl-galactosaminyltransferase 1 (GalNac-T), which catalyzes the transfer of N-acetyl galactosamine onto GM3 and GD3 gangliosides resulting in GM2 and GD2 that then undergo further metabolism into GM1 and GD1 (Figure 1). Deletion of this enzyme results in a dramatic loss of series-a and series-b gangliosides in mouse (Sheikh et al., 1999) and human (Harlalka et al., 2013) brain. The KO mice show progressive motor deficits with age (Chiavegatto et al., 2000), a phenomenon attributed at the time to Wallerian degeneration of motor neurons (Sheikh et al., 1999). Recent studies by our groups suggest that the motor deficits observed are due to progressive Parkinsonism as discussed below even though some damage to myelinated neurons has been documented. In contrast, deletion of B4GALNT1 in humans results in severe spastic paraplegia (Harlalka et al., 2013), but this may reflect a much more central role for series-a and series-b gangliosides in myelinated human neurons compared to mice. We have also observed progressive Parkinsonism in B4GALNT1 heterozygotes that, although slower in onset that the homozygotes, is indistinguishable otherwise (Hadaczek et al., 2015). Motor impairment can be observed as early as 35 days of age in terms of grip-strength (Wu et al., 2011) and progressive impairment in a timed-walk and stride-length over several months (Hadaczek et al., 2015). We suspect that the resting tremor documented in these mice (Chiavegatto et al., 2000) is actually a feature of the Parkinsonism rather than peripheral neuropathy, although we have not specifically investigated this feature. The initial observation of Parkinsonism in B4GALNT1 KO mice documented loss of neurons in substantia nigra, a loss that could be substantially ameliorated by dosing animals with the semi-synthetic, brain-permeable GM1 ganglioside analog, LIGA20 (Wu et al., 2011). In addition, nigral accumulation of α-synuclein was also observed and this accumulation could also be reduced by LIGA20 treatment (Wu et al., 2011). This is actually quite a striking observation since a prevalent hypothesis in the field is that accumulation of α-synuclein in PD is due to protein misfolding, a process that one would not expect to be reversible. The ability of LIGA20 to clear α-synuclein aggregates is consistent with the fact that the protein binds GM1 ganglioside, and tends to aggregate in the absence of ganglioside (Martinez et al., 2007). These observations would, however, be of limited value with respect to PD were it not for the fact that reductions in GM1 ganglioside levels in brain tissue from PD patients have been described (Wu et al., 2012; Hadaczek et al., 2015). More importantly, GM1 ganglioside has been explored clinically in controlled and open-label studies (Schneider et al., 1995, 1998, 2010) where modest but significant effects on progression of disease were observed. A limitation of these studies was that they required high daily doses of GM1 (Loading IV dose: 1 g; Daily IM injections BID: 200 mg) for several years. Nevertheless, reduced GM1 ganglioside in mice and humans is associated with Parkinsonian degeneration and supplementing GM1 ganglioside, either directly or via LIGA20, ameliorates disease.
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FIGURE 1. Series-a and Series-b Ganglioside Synthesis Pathway.



GDNF SIGNALING AND PD

Glial Cell-derived Neurotrophic Factor (GDNF) was isolated from the B49 cell line based on its ability to promote the survival of embryonic DA neurons in vitro (Okochi et al., 2000; Nakamura et al., 2002; Taguchi et al., 2017). GDNF was the first identified member of a homologous family of neurotrophic factors related to the basic fibroblast growth factor family. Neurturin (NTN), persephin and artemin were subsequently identified (Zhao et al., 2009). GDNF and its family members act through a receptor signaling system composed of a GPI-linked neurotrophic factor binding subunit and this complex in turn directly activates the C-ret and c-src tyrosine kinases. A multitude of preclinical studies with GDNF protein in an array of rat, mouse and monkey models of PD have demonstrated potent effects of this factor in protecting DA neurons from neurotoxin-induced cell death as well as stimulating regrowth of nigral neurons in primate models of PD (Kozlowski et al., 2000; Eberling et al., 2009; Kells et al., 2010; Lindgren et al., 2012). Clinical experience with recombinant GDNF in PD patients has been mixed. An early Phase 2 study failed to achieve efficacy end-points (Lang et al., 2006) and this has generally been attributed to poor distribution of infused material. A more recent study in which intermittent convection-enhanced delivery (pressurized infusion and reflux-resistant cannula) is employed to cover the majority of the putamen (Belova et al., 2017) seems to be giving more promising results since this approach has completed Phase 2 and is preparing to move into Phase 3 (see Medgenesis.com). Poor efficacy of a GDNF analog encoded within an AAV2 vector, Neurturin, was also reported (Marks et al., 2010). Our view is that poor distribution of infused factor or gene therapy vector is the primary driver of poor efficacy. In our current gene transfer study being conducted at NIH Clinical Center (Bethesda, MD) and at our institution, use of MRI guidance and relatively high infusion volumes (Richardson et al., 2011) to ensure adequate coverage of the putamen and caudate with AAV2-GDNF should provide a definitive answer to the utility of GDNF in Parkinson's disease in line with encouraging data from stable MPTP-lesioned nonhuman primates (Kells et al., 2010).

It is important, in the present context, to consider the molecular biology of GDNF function. First, GDNF itself reaches peak expression prenatally (Hellmich et al., 1996) where it presumably aids in the upregulation of dopaminergic function, a phenomenon that we have noted with over-expression of GDNF in partially lesioned MPTP monkeys (Kells et al., 2010). Postnatally, however, GDNF expression measured by ELISA falls to very low levels indeed (Collier et al., 2005; Johnston et al., 2009). One explanation for this change is that pro-GDNF exists as two isoforms, (alpha)pro-GDNF and (beta)pro-GDNF in which alternative cleavable pro-peptides direct GDNF into either a constitutive (alpha) or vesicular (beta) pathway (Lonka-Nevalaita et al., 2010). In the striatum, GDNF-positive cells have been identified in the mouse as parvalbumin-positive (PV+) interneurons, and to a smaller extent cholinergic interneurons (Hidalgo-Figueroa et al., 2012). Although these neurons represent < 1% of all striatal neurons in the mouse, they appear to be very broadly and evenly distributed. Taken together, these observations suggest that GDNF undergoes a developmental switch, whereby constitutive embryonic secretion broadly upregulates catecholaminergic function and promotes survival of this class of neurons, and then is followed by postnatal restriction to dense-core vesicles that respond to extracellular stimuli by local release of GDNF. We surmise that the locally released GDNF acts to upregulate presynaptic dopaminergic function depending on a variety of molecular cues. In this way, striatal interneurons may play an important coordinating role in striatal plasticity. If so, then any pathology that injures this mechanism might be expected to result in down-regulation of dopaminergic function, starting with degeneration of dopaminergic synapses, a phenomenon seen in normal aging (Johnston et al., 2009) and PD (Kordower et al., 2013).

GDNF is primarily recognized by an extracellular GPI-linked receptor subunit (Jing et al., 1996; Treanor et al., 1996) that is localized to lipid rafts (Tansey et al., 2000; Pierchala et al., 2006). Binding of GDNF to its receptor, GFRα1, recruits a tyrosine kinase, RET, into rafts where it undergoes autophosphorylation, a process that protects it from proteasomal degradation (Pierchala et al., 2006). RET is not the only tyrosine kinase activated by GDNF. Neuronal src, a splice variant with an N-terminal palmitoylation site also targets the enzyme to lipid rafts (Mukherjee et al., 2003), where it cooperates with RET (Encinas et al., 2001) to regulate downstream signaling, but can also be activated directly by GDNF in a RET-independent manner (Poteryaev et al., 1999). This pleiotropic signaling mechanism also involves at least one other membrane-bound tyrosine kinase, c-abl, which is activated by src-dependent phosphorylation (Plattner et al., 1999). It is important to note that lipid rafts are organizing structures on cell surfaces and organelles (Lingwood and Simons, 2010). They are highly enriched in cholesterol and can be either short-lived or very stable. Functionally, they allow subsets of membrane proteins to interact in a coordinated way and they play a central role in extracellular signaling by a variety of molecules including neurotrophins like GDNF. Gangliosides are enriched in lipid rafts because of their long alkyl chains and oligosaccharide head-groups, providing membrane surface components through which proteins can interact.

We hypothesized that the Parkinsonism, evinced by both homozygous and heterozygous B4GALNT1 mice, might be due to a GM1 ganglioside requirement by the GDNF receptor for efficient signaling. In a mouse Neuro2a cell line, stably over-expressing human GFRα1 (Hadaczek et al., 2015), human GDNF strongly stimulated phosphorylation of MAP kinase, making it a useful marker of GDNF bioactivity (Figure 2). In contrast, suppression of B4GALNT1 expression with shRNA shifted the GDNF dose-response curve sharply to the right. Consistent with this, we found that GFRα1, RET, and GM1 ganglioside forms a stable membrane complex in the substantia nigra of wild-type mice, but not KO mice. Incidentally, other series-a and series-b gangliosides are not present in this complex. On this basis, we argue that even modest declines in GM1 ganglioside levels should inhibit trophic support in dopaminergic neurons.
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FIGURE 2. GM1 regulation of GDNF signaling in modified mouse Neuro2a cells Neuro2a cells modified by over-expression of hGFRα1 (α1) (Crowder et al., 2004), and α1-GA cells with approximately 50% reduced expression of GM2/GD2 synthase. Cells were stimulated with different concentrations of GDNF. The level of MAPK (Erk1/2) phosphorylation was measured by an in-cell ELISA as described (Hadaczek et al., 2015).



GM1 GANGLIOSIDE AND α-SYNUCLEIN

A prominent hypothesis posits that α-synuclein misfolding is a central cause of PD. Although it is true that mutations in α-synuclein and triplication of its gene (SNCA) are causative (Polymeropoulos et al., 1997; Singleton et al., 2003), they do not necessarily trigger disease onset significantly in advance of the onset of idiopathic PD (>60 years of age), unlike what is seen with Parkin-mediated PD (< 40 years of age). This suggests that synuclein-mediated PD is enabled by other age-dependent and environmental cellular changes. In our view, age-dependent depletion of GM1 ganglioside is a prime suspect.

In accord with this thinking is our finding that α-synuclein accumulated as aggregates in the substantia nigra pars compacta of B4GALNT KO mice as well as heterozygotes (Figure 3) and these aggregates could be completely eliminated by striatal over-expression of GDNF, a treatment that also eliminated motor deficits (Hadaczek et al., 2015). This suggests that (a) depletion of GM1 ganglioside drives both α-synuclein accumulation/aggregation and GDNF resistance/Parkinsonism, and (b) α-synuclein aggregates can be eliminated by local concentrations of GDNF sufficiently high to overcome the impairment of GDNF signaling caused by GM1 ganglioside depletion. Strikingly, the same phenomenon could be seen in aged normal mice, which spontaneously accumulated nigral α-synuclein. GDNF over-expression not only eliminated aggregates but also improved motor function in GDNF-treated animals (Hadaczek et al., 2015). On this basis, we argue that α-synuclein accumulation/aggregation is a biomarker for impaired trophic signaling and, in some cases, reduced GM1 ganglioside levels.
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FIGURE 3. Elimination of α-synuclein and restoration of TH expression in nigral neurons of GM1-deficient mice with AAV2-GDNF treatment. (A) Representative double immunostained brain sections from mice of the three genotypes, employing antibodies against α-synuclein and tyrosine hydroxylase (TH). Alpha-synuclein expression in HT mice was enhanced compared to WT, and more so for KO mice. These elevated levels of α-synuclein (α-syn) were significantly reduced by treatment with striatal infusion of AAV2-GDNF versus control PBS. It should also be noted that mice of approximately 12 months of age spontaneously accumulate α-synuclein. Striatal over-expression of GDNF eliminated these aggregates. (B) Representative images showing immunohistochemical staining of TH+ neurons in mouse striatal sections. AAV2-GDNF treatment restored significant expression of TH in both HT and KO mice compared to PBS. Reprinted from Hadaczek et al. (2015). Copyright 2015, with permission from Elsevier.



That α-synuclein is not particularly neurotoxic is supported by experiments in which wild-type human α-synuclein was highly over-expressed in transgenic mice with modest evidence of neuronal toxicity (Masliah et al., 2000) that most closely resembled Lewy Body disease rather than PD. Subsequent work by other investigators has only served to establish more firmly that α-synuclein demonstrates neurotoxicity only at the very highest levels of expression achievable and does not drive the development of cardinal symptoms of PD (Terzioglu and Galter, 2008). We would argue that high levels of α-synuclein, regardless of the delivery method (Recasens et al., 2017), are likely to cause degenerative effects precisely because it is a GM1 ganglioside- and cholesterol-binding protein that also targets lipid rafts. If that critical fact is ignored, then in our view merely over-expressing α-synuclein results in essentially phenomenological reporting.

Our thesis is that causative mutations in α-synuclein can only really be understood if the normal functions of the protein in question are explicated. It is, of course, formally possible that familial mutations confer toxic activity unrelated to the normal function of the protein. Nevertheless, it is a core principle of biology that any understanding of protein function must ultimately be derived from an understanding of conserved motifs within its primary sequence (Aitken, 1999). For a small protein of only 140 amino acids, α-synuclein is richly endowed with such motifs and most of them have been studied individually from various perspectives. However, there appears to have been little attempt to develop a coordinated picture of how individual motifs direct an overall mechanism of action or function, whatever that may be.

Regarding associated motifs, it is important to note that α-synuclein (Figure 4) is a ganglioside-binding protein (Martinez et al., 2007; Fantini and Yahi, 2011) that forms fibrils in the absence of GM1 ganglioside (Martinez et al., 2007; Fantini and Yahi, 2011). This specific motif (34-KEGVLYVGSKTK-45) is also conserved in a number of other proteins, such as prion protein and β-amyloid (Amyloid beta peptide) (Yahi and Fantini, 2014). It is interesting that some α-synuclein mutations that cause PD flank this domain (e.g., A30P and E46K) and the A30P mutation has been reported not to bind GM1 ganglioside (Martinez et al., 2007). Structural studies have shown that this region of α-synuclein is helical. Thus, any mutation that disrupts this helicity is likely to damage GM1 ganglioside binding, a feature that we argue is central to the protein's biological function (Bisaglia et al., 2006; Dettmer et al., 2015). A remarkable feature of this domain is the presence of a highly conserved central tyrosine residue (Y39) that appears to be important for the ability of the protein to insert into membranes (Fantini and Yahi, 2011). This residue is phosphorylated by c-abl in vitro (Dikiy et al., 2016) and there is evidence that this also occurs in vivo (Mahul-Mellier et al., 2014). Associated with lipid rafts, c-abl is actuated by various growth factors via upstream activation of c-src (Plattner et al., 1999). This link between growth factor signaling and α-synuclein phosphorylation is intriguing, especially in view of our observation that over-expressed GDNF in mouse striatum eliminates α-synuclein aggregates in GM1 ganglioside-deficient mice and even in normal aged mice (Hadaczek et al., 2015).
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FIGURE 4. Conserved Motifs within human α-synuclein. Putative phosphorylation sites are highlighted in yellow. The red text indicates a glycosphingolipid (GM1) binding site within which resides a cholesterol binding motif (VLYVG). Further down is another non-equivalent cholesterol-binding motif shown in green. Finally, the blue text indicates the LAMP2a consensus. The same motifs are present in the mouse homolog.



In addition, Sulzer and colleagues (Cuervo et al., 2004) showed that α-synuclein is recognized by the lysosomal membrane protein LAMP2a via the sequence, VKKDQ, and this mediates entry into the lumen of the lysosome. Thus, mutating VKKDQ to VKKAA abolished LAMP2a binding and intra-luminal transport of α-synuclein. These investigators focused on this process as a mechanism of autophagic degradation of the protein. However, an interesting study of cells derived from a patient with Danon disease, of which LAMP2a deficiency is a central feature, reported that α-synuclein in patient-derived lymphoblastoid cells was not elevated, challenging the idea that LAMP2a function primarily mediates α-synuclein autophagy under normal conditions (Sanchez-Lanzas et al., 2016). Interestingly, they showed that, although the A30P and A53T mutants bound to LAMP2a at least as well as wild-type α-synuclein, they were not translocated efficiently into the lysosomal lumen, thereby leading to accumulation of cytoplasmic α-synuclein and inhibition of autophagy of other proteins such as GAPDH.

The Fantini laboratory identified 2 non-equivalent cholesterol-binding domains within α-synuclein (Fantini and Yahi, 2013). The first is contained within the GM1 ganglioside motif and we speculate that, given the cholesterol-rich environment of lipid rafts, this motif (VLVYVGSK) might enable competitive displacement of GM1 ganglioside from the protein. The downstream cholesterol-binding site (67-GGAVVTGVTAVA-78), a so-called CRAC domain (Fantini et al., 2011), is more complicated and is argued to mediate conformational changes when α-synuclein encounters cholesterol-rich membranes. Since α-synuclein selectively binds to cholesterol-rich lipid rafts on the surface of organelles and cell membranes (Fortin et al., 2004; Zabrocki et al., 2008), it seems reasonable to infer that it functions as a GM1 ganglioside binding protein whose primary role in neurons is to deliver this important glycosphingolipid to lipid rafts. This hypothesis might explain the enhanced PD risk in Gaucher disease heterozygotes. A 50% reduction in lysosomal glucocerebrosidase activity could significantly perturb the kinds of glycolipids available for binding to α-synuclein and perhaps deliver poorly functional glycosphingolipids to lipid rafts throughout the cell. A hierarchy of binding affinities of α-synuclein for various glycolipids has been described (Fantini and Yahi, 2011). Recently, Mazzulli et al showed that iPSC-derived neuronal cells from Gaucher heterozygotes displayed increased α-synuclein aggregation (Mazzulli et al., 2011). These data suggest that modest alterations in lysosomal function and content can change glycolipid function and the behavior of α-synuclein, a concept supported by recent data (Taguchi et al., 2017).

A central problem with ganglioside metabolism in neurons is that these gangliosides are synthesized within the ER/Golgi or endocytosed from the extracellular milieu. How then are these molecules delivered efficiently to the cell's lipid rafts? Our view is that lysosomes provide the primary source of GM1 ganglioside for this purpose. This would also explain the mechanism described by Cuervo et al. (2004), although they argued that the primary reason for this phenomenon was chaperone-mediated autophagy (CMA), whereas other investigators have argued in favor of proteasomal degradation after ubiquitination. We suggest an alternative hypothesis, that this, the α-synuclein transport step into the lysosomal lumen is followed by binding of luminal GM1 ganglioside, either synthesized de novo or recycled by autophagy. This combination enables non-transporter-mediated escape of the GM1 α-synuclein moiety from lysosomes and makes the complex available to bind to cholesterol-rich lipid rafts within the cell. We suggest that, upon binding to a lipid raft, α-synuclein is induced to insert the GM1 into the membrane, through a cooperative interaction between cholesterol and GM1 within the GM1 binding site. This mechanism would explain the delivery and release of GM1 into the lipid raft structure but does not resolve the problem of α-synuclein removal from the lipid raft. For the latter, we hypothesize that this might be accomplished by phosphorylation of α-synuclein at Y39 (Mahul-Mellier et al., 2014), possibly by c-abl (Dikiy et al., 2016). Phosphorylation would block the binding of both GM1 and cholesterol, and the additional negatively charged phosphoryl group could contribute to ejection process from the membrane. In addition, the C-terminal region contains another three putative tyrosine phosphorylation sites (Nakamura et al., 2002; Mahul-Mellier et al., 2014) and a single serine phosphorylation site at S129 (Okochi et al., 2000). It is not clear whether these sites also play a role in ejection from the lipid raft, but it has been suggested that tyrosine phosphorylation by c-abl, a lipid raft resident (Zhao et al., 2009), perhaps at one or both of these sites, may also mediate proteasomal degradation of α-synuclein (Mahul-Mellier et al., 2014).

If, as we suggest, α-synuclein plays a key role in delivering GM1 ganglioside to lipid rafts and this is important for trophic support, why does deletion of SNCA in mice not cause PD? First of all, deletion of α-synuclein in mice causes significant alterations in brain lipid metabolism (Castagnet et al., 2005; Golovko et al., 2005; Barcelo-Coblijn et al., 2007). Second, a closely related homolog, β-synuclein, is co-expressed with α-synuclein in vivo and might compensate for the deletion (Israeli and Sharon, 2009) If so, a double deletion of both α- and β-synuclein should cause dopaminergic neuron degeneration and indeed a modest (20%) decline in brain dopamine was seen in such mice (Chandra et al., 2004). However, these mice were studied for only the first 3–5 weeks of life. As we have observed above, GM1 ganglioside deficiency has significant degenerative effects on dopaminergic in substantia nigra when mice are over 6 months of age.

This hypothesis has important implications for both PD and Lewy Body Dementia. If, as we suppose, failure of trophic signaling in lipid rafts leads to depressed clearance of α-synuclein from these structure, then accumulation of the protein might drive structural changes sufficient to activate an innate immune response (Block et al., 2007). Accumulation of aggregated α-synuclein in cell surface rafts would be a mechanism by which microglia are alerted to these aberrant moieties (Zhang et al., 2005) and might explain the presence of nitrated α-synuclein in Lewy Bodies if not the genesis of Lewy Bodies themselves (Danielson and Andersen, 2008). The fact that Tyrosine-39 in α-synuclein is preferentially nitrated under conditions of oxidative stress is noteworthy (Danielson et al., 2009).

CONCLUSION

In this review, we present a new hypothesis about the origin of PD designed to provoke discussion and hopefully more research. The theory that age-dependent GM1 ganglioside deficiency is one trigger for idiopathic PD is attractive not only because it is supported by clinical and animal data but also because it recognizes that there are many potential mechanisms besides GM1 ganglioside loss that could drive trophic signaling failure that in turn would lead to accumulation of α-synuclein in neuronal membranes and activation of innate immunity. In that sense, it is inclusive of many other related cellular and genetic phenomena not discussed here.
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