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Abstract

The discovery of genetic forms of Parkinson’s disease (PD) has highlighted the importance of the 

autophagy/lysosomal and mitochondrial/oxidative stress pathways in disease pathogenesis. 

However, recently identified PD-linked genes, including DNAJC6 (auxilin), SYNJ1 (synaptojanin 

1), and the PD risk gene SH3GL2 (endophilin A1), have also highlighted disruptions in synaptic 

vesicle endocytosis (SVE) as a significant contributor to disease pathogenesis. Additionally, the 

roles of other PD genes such as LRRK2, PRKN, and VPS35 in the regulation of SVE are 

beginning to emerge. Here we discuss the recent work on the contribution of dysfunctional SVE to 

midbrain dopaminergic neurons’ selective vulnerability and highlight pathways that demonstrate 

the interplay of synaptic, mitochondrial, and lysosomal dysfunction in the pathogenesis of PD.

Dopaminergic Neurodegeneration in PD

Dopaminergic neurons of the ventral midbrain substantia nigra pars compacta (SNc) play an 

important role in the regulation of voluntary movements. Degeneration of these neurons 

leads to the development of the cardinal motor symptoms of PD, such as tremor, rigidity, and 

slowed movements [1]. The identification of several genetic forms of PD has strongly 

implicated mitochondrial and lysosomal dysfunction as key cellular processes that contribute 

to PD pathogenesis [1]. However, the recent discovery of several synaptic genes linked to 

PD pathogenesis or predicted to alter it has highlighted the need to further investigate the 

contribution of synaptic dysfunction in disease pathogenesis. This review aims to summarize 

the compelling experimental and genetic evidence implicating deficits in SVE in PD. We 

also briefly discuss the relationship between synaptic, mitochondrial, and lysosomal 

dysfunction in dopaminergic neurodegeneration and the compounding effects of their 

interactions.

Modes of Synaptic Vesicle Retrieval

SVE is the regeneration of synaptic vesicles from the plasma membrane following 

neurotransmission [2]. One of the common modes of SVE is clathrin-mediated endocytosis, 

and given its relevance to the discussions in the following sections, we outline first the steps 

involved in this process. SVE begins with the recruitment of clathrin by adaptor proteins 
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such as adaptor protein 2 (AP-2), AP180, and epsin to the cytoplasmic surface of the plasma 

membrane to areas where PtdsIns(4,5)P2 lipids are concentrated [3]. These adaptor proteins 

regulate cargo sorting to ensure that the proper proteins are internalized along with the 

vesicle. Epsin contains ubiquitin-interaction motifs and is responsible for binding 

ubiquitinated cargo during endocytosis [2]. Next, membrane benders such as FCHo and 

endophilin A1 are recruited to the plasma membrane where they begin to mold and direct 

the invagination of the nascently forming vesicle by inserting into the lipid membrane via its 

BAR domain [4] (Figure 1). FCHo also contains an additional cargo-binding subunit similar 

to AP-2 for an unknown cargo, implicating its role in the early stages of SVE [2]. As the 

PtdsIns(4,5)P2 lipid-enriched vesicle takes on a round and uniform shape, endophilin A1 

subsequently interacts with dynamin and recruits synaptojanin 1 to the membrane interface 

[5–9]. Through its GTPase activity, dynamin stimulates the fission of the clathrin-coated 

vesicle (CCV) from the plasma membrane [7]. Once the CCV is free, synaptojanin 1 uses its 

phosphatase function to dephosphorylate PtdsIns(4,5)P2 to PtdsIns4P and subsequently 

PtdsIns [10,11]. These dephosphorylation events release AP-2, which relies on 

PtdsIns(4,5)P2 for its vesicle binding, and allow auxilin to bind the CCV through its PTEN-

like and clathrin-binding domains [2,12]. Auxilin is a cofactor for hsc70 and its J domain is 

responsible for recruitment of the ATPase to stimulate clathrin-coat removal [2,12]. Once the 

CCV is uncoated, the nascent vesicle is then packaged with neurotransmitters and quickly 

transported to various synaptic vesicle pools in anticipation of the next neuronal stimulation.

Other modes for synaptic vesicle retrieval have been well described, including kiss-and-run 

and several variations of bulk endocytosis such as ultrafast and activity-dependent bulk 

endocytosis [2,13,14]. These mechanisms are initially clathrin independent and occur on a 

much faster timescale. They have also been found to be regulated by proteins like dynamin, 

endophilin A1, and synaptojanin 1 [8,15]. In bulk endocytosis, following high neuronal 

stimulation a large membranous structure invaginates from the plasma membrane creating 

an endosome intermediary where cargo sorting and subsequent synaptic vesicle regeneration 

can occur [16]. Large-scale invagination of the plasma membrane allows the endosomal 

structure to retain high PtdsIns(4,5)P2 lipid levels, which can lead to subsequent clathrin-

mediated synaptic vesicle budding from the endosome [14].

The regeneration of synaptic vesicles through SVE is essential to sustain neurotransmission 

and is therefore a highly regulated process. SVE is controlled by a large group of structurally 

distinct proteins termed dephosphins, which are regulated through phosphorylation–

dephosphorylation events [10]. Classically these proteins include dynamin, synaptojanin 1, 

amphiphysin 1 and 2, and epsin among others [10]. Although clathrin, AP-2, endophilin A1, 

and auxilin have now been shown to be phosphorylated by several different kinases, whether 

calcineurin is the main regulatory phosphatase for these proteins remains unknown 

[12,17,18]. Under basal conditions, SVE proteins are constitutively phosphorylated, which 

inhibits them from associating with other proteins in the endocytic pathway [10]. When the 

neuron is stimulated, Ca2+ flow into the cell activates Ca2+-dependent calcineurin activity, 

which rapidly dephosphorylates endocytic proteins to enable their interaction and 

recruitment to endocytic sites [10,19,20]. SVE protein inactivation through 

rephosphorylation occurs on a much slower timescale in a stepwise progression. This 

process has been shown to be mediated in part by Cdk5 and Minibrain kinase [21,22]. 
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However, there remains a significant gap in our knowledge of other possible protein kinases 

that are responsible for the proper control of SVE.

Mutations of Synaptic Genes in Parkinsonism

Multiple PD-linked genes involved in SVE have recently been identified, suggesting that 

defective SVE plays an important role in PD pathogenesis. These include mutations in 

DNAJC6 (auxilin) and SYNJ1 (synaptojanin 1), which were initially described in atypical-

Parkinsonism patients [23–29]. Homozygosity mapping of two patients with juvenile 

Parkinsonism revealed a deleterious splice-site mutation, c.801–2 A>G, in DNAJC6, that led 

to a significant decrease in mRNA levels [23]. A separate study found a patient with a 

DNAJC6 homozygous truncating mutation, Q734X, leading to 20% loss of the C terminus, 

including its functional J domain responsible for binding hsc70 [24]. Thus far, these 

mutations have linked DNAJC6 to juvenile cases of atypical Parkinsonism. However, recent 

investigations reported additional DNAJC6 mutations, R927G and T741T, linked to early-

onset PD cases [25]. These mutations resulted in lowered auxilin expression and are 

predicted to decrease its overall function [25].

In addition, R258Qand R459P mutations in SYNJ1were recently reported in several 

independent studies to be associated with juvenile or early-onset PD [26–29]. These 

mutations are located in the Sac1 domain of synaptojanin 1 and impair its phosphatase 

activity [26–28]. Interestingly, synaptojanin 1 haploinsufficiency led to delayed SVE in 

mouse midbrain dopaminergic but not cortical neurons suggesting that loss of synaptojanin 1 

function could, in part, contribute to dopaminergic neuron vulnerability in PD pathogenesis 

[30]. Last, SH3GL2 (endophilin A1) was identified in a PD risk locus in a large-scale 

GWAS meta-analysis, linking yet another gene involved in SVE regulation to PD [31]. 

Collectively, these synaptic endocytic genes implicate defective SVE as a contributor to the 

degeneration of midbrain dopaminergic neurons in patients.

Animal knockout mouse models of DNAJC6, SYNJ1, and SH3GL2 have all exhibited 

endocytic defects at the synapse, highlighting the importance of proper SVE control in 

maintaining axon terminal integrity [9,32,33]. It was previously reported that the presynaptic 

compartment of auxilin knockout mice displayed characteristics of defective SVE including 

reduced synaptic vesicle density and increased CCVs and membraneless clathrin cages [32]. 

Interestingly, follow-up studies found that embryonic mouse lethality resulting from genetic 

ablation of both GAK, an auxilin homolog and PD risk gene, and DNAJC6 could be rescued 

by overexpression of the GAK C-terminal fragment carrying both the clathrin-binding and J 

domains [34–36]. Although GAK and auxilin have redundant clathrin-uncoating actions in 

the cell, these data suggest that GAK overexpression can potentially mitigate auxilin 

dysfunction in PD. Furthermore, lack of auxilin in Drosophila led to specific age-related 

locomotor deficits and accelerated αSynuclein (αSyn)-mediated dopaminergic neuron loss 

in this model [37]. This result implies that nigral neurons are more sensitive to loss of 

auxilin function. Consistent with previous reports, the synapses of SYNJ1 R258Q knock-in 

mice revealed drastic endocytic defects and higher levels of endocytic intermediates such as 

CCVs [11]. Additionally, dystrophic axon terminals were observed in the dorsal striatum of 

these mice, which is a primary site of SNc dopaminergic neuron projections in the brain 
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[11]. Moreover, auxilin and parkin (PRKN) protein levels were reported to be elevated in 

synaptojanin 1-mutant mice [11]. Furthermore, endophilin A1 knockout mouse models also 

reported elevated parkin levels as well as accumulated CCVs, highlighting a potential 

functional connection between these SVE proteins and parkin [9,38].

The Role of αSyn in SVE

αSyn, encoded by SNCA, is a soluble protein located in the presynaptic terminal that is 

involved in the regulation of synaptic activity, plasticity, synaptic vesicle pool maintenance, 

and trafficking [39,40]. αSyn function has traditionally been linked to synaptic vesicle 

exocytosis, although whether it positively or negatively regulates this process remains 

controversial [39]. Recent studies have also pointed to a role for αSyn in the regulation of 

synaptic vesicle formation. Acute injection of human monomeric wild-type (WT) αSyn into 

lamprey synaptic terminals coupled with intense stimulation of neurons was shown to 

significantly reduce endocytic rates leading to accumulation of CCVs [41,42]. An additional 

study found that expression of dimeric WT αSyn led to the formation of structurally distinct 

clathrin-coated pits [43]. Taken together, these studies suggest that different αSyn 

conformations may have divergent effects on SVE, such that multimeric αSyn may affect 

the early stages of CCV formation and fission whereas monomeric αSyn may influence the 

final clathrin-uncoating step. Moreover, a triple-knockout mouse model of all synuclein 

isoforms (α, β, and γ) affected the kinetics of SVE leading to impaired endocytic capacity at 

steady states, whereas no marked changes were observed in the rates of exocytosis [44]. The 

reported deficiencies were rescued by separate overexpression of each isoform, implying 

that all three synucleins have redundant endocytic roles at the synapse. Further investigation 

revealed that synucleins are important mediators of presynaptic terminal size and organizers 

of distinct synaptic vesicle pools by specifically regulating synaptic vesicle tethers to the 

plasma membrane and to each other [45]. Together, these studies suggest that αSyn also has 

an important role in endocytosis by mediating synaptic vesicle regeneration following 

neuronal stimulation.

PD-Linked Genes as Regulators of SVE

While the discovery of these synaptic genes directly implicates synaptic dysfunction in PD 

pathogenesis, recent studies have also proposed that other PD genes, including LRRK2, 

VPS35, and PRKN (parkin), may also be potential regulators of SVE. Normal LRRK2 

serine/threonine kinase activity is critical for proper SVE, as chemical inhibition of LRRK2 

was shown to delay endocytosis [46]. In addition, LRRK2 mutant mice displayed an 

accumulation of CCVs and decreased synaptic vesicle density in dopaminergic terminals 

[47]. Many synaptic interacting partners and substrates have been described for LRRK2, but 

those specifically involved in SVE regulation have only recently been identified. Dynamin, 

which mediates the fission of CCVs from the plasma membrane, was identified as a LRRK2 

interactor, highlighting a potential role for LRRK2 in the regulation of dynamin GTPase 

activity [7,48]. Moreover, LRRK2 was shown to phosphorylate endophilin A1 at positions 

T73 and S75 located in its BAR domain [17,18]. Subsequent investigations confirmed that 

LRRK2-mediated phosphorylation of endophilin A1 at S75 acted as a critical switch in 

mediating endophilin A1 function at the synapse [18]. Recent synaptic proteomic analysis of 
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LRRK2 mutant knock-in Drosophila models has also identified synaptojanin 1 as a LRRK2 

kinase substrate [49]. LRRK2 phosphorylates synaptojanin 1 at positions T1131 and T1205 

located in its proline-rich sequence recognition domain resulting in defective synaptojanin 

1–endophilin A1 interaction [30,49]. Interestingly, another study found that phosphorylation 

of synaptojanin 1 at S1029 mediates the regeneration of distinct synaptic vesicle pools, 

suggesting that phosphorylation–dephosphorylation events with different residues can result 

in protein involvement in separate parts of SVE [50]. Lastly, we recently identified auxilin as 

a novel substrate for LRRK2 kinase activity in iPSC-derived dopaminergic neurons [12]. We 

found that S627, located in auxilin’s clathrin-binding domain, is an LRRK2-mediated 

phosphorylation site and that dephosphorylation of this site led to increased auxilin 

association with clathrin [12]. Thus, LRRK2 kinase activity regulates several aspects of 

SVE, which could be exacerbated by LRRK2 disease-linked mutations, leading to 

downstream toxic effects that contribute to the degeneration of dopaminergic neurons.

LRRK2 has also been functionally linked to VPS35, a PD-linked gene that encodes a major 

component of the retromer complex involved in the recycling of proteins from the 

endosome/lysosome to the trans-Golgi network and from the endosome to the plasma 

membrane [51,52]. PD-associated mutations in VPS35, which display decreased function, 

functionally elevate WT LRRK2 kinase activity [51,53]. Additionally, loss of the Drosophila 
homolog VPS35 leads to deficits in synaptic vesicle recycling involving LRRK2 that could 

be rescued on VPS35 or LRRK2 overexpression [54]. Importantly, using unbiased 

approaches, LRRK2 has been shown to phosphorylate a subset of Rab GTPase proteins [55]. 

Although the specific function of each Rab protein remains to be elucidated, many of them 

may be involved in endosomal trafficking and sorting, which would ultimately allow the 

compartment to regulate the levels of regenerating synaptic vesicles and proteins in the 

synapse [16,52].

Another PD gene linked to SVE regulation encodes the E3 ubiquitin ligase parkin, which 

has been shown to ubiquitinate endophilin A1 as well as its major binding partners dynamin 

and synaptojanin 1 [38]. Ubiquitination by parkin may be responsible for either modulating 

the endophilin A1 expression level, as previously reported, or regulating its ability to bind, 

recruit, and engage its interaction partners at the plasma membrane or CCV interface [38]. 

Ubiquitination-interaction motifs were first mapped in the endocytic protein epsin, which 

was recently identified as an accessory factor in SVE, supporting the idea that ubiquitination 

is necessary to facilitate endocytic functions [56,57]. Furthermore, ubiquitination of epsin 

rendered the protein partially resistant to proteasomal degradation thereby allowing it to 

interact with other endocytic proteins [56]. Interestingly, parkin was recently shown to 

ubiquitinate VPS35, which did not result in proteasomal degradation of the protein [58]. 

Therefore, parkin may also alter SVE through retromer-dependent endosomal sorting. These 

data suggest that the parkin E3 ubiquitin ligase function is potentially an important regulator 

of synaptic vesicle recycling and that PRKN mutations that lead to loss of parkin function 

may negatively affect the stepwise progression of SVE.

While there have been no reports (to our knowledge) of parkin knockout models exhibiting 

endocytic defects at the synapse, one consequence of improper SVE would be impairments 

in dopamine (DA) neurotransmission and metabolism. Normally, DA is packaged into 
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synaptic vesicles to prevent its accumulation and oxidation in the cytosol [59]. Interestingly, 

dopaminergic neurons derived from parkin patients demonstrate increased intracellular DA, 

suggesting that DA packaging or metabolism in parkin-mutant neurons may be impaired 

[60]. Parkin-deficient mice also revealed a decrease in evoked extracellular striatal DA 

[61,62]. However, conflicting studies reported an increased in spontaneous DA release and 

dampened DA uptake into the cell [63]. As these differences may be due to the 

experimentation methods employed in the studies, the role of parkin in SVE remains to be 

explored. Taken together, these studies reveal the existence of multiple layers of SVE 

regulation modulated by PD-linked genes and suggest that these pathways may functionally 

interact in the process of neurodegeneration.

SVE Dysfunction in Dopaminergic Neurodegeneration

As SVE is not unique to dopaminergic neurons of the ventral midbrain, the specific 

vulnerability of this neuronal population in PD to deficits in SVE has not been clear. PD-

linked SYNJ1 R258Q mouse models revealed delays in SVE and marked changes in 

dopaminergic axon terminals in the dorsal striatum, highlighting a region-specific 

vulnerability of these neurons to synaptojanin 1 dysfunction [11]. Additionally, decreased 

synaptic densities and accumulation of CCVs, specifically in dopaminergic neurons, were 

also reported in SYNJ1 heterozygous knockout and LRRK2 G2019S transgenic mice 

leading to dystrophic axons and selective degeneration of these neurons [30].

One possibility may be the sensitivity of dopaminergic neurons to the accumulation of 

cytosolic DA. Acute overexpression of human αSyn, on of striatal terminals in the absence 

of nigral cell death [41,43,44,64]. This may be due in part to αSyn-induced DAleakage from 

synaptic vesicles [65,66]. DA is packaged into synaptic vesicles regenerated from SVE using 

a proton gradient created by vATPases located on the membrane surface of synaptic vesicles 

[67]. In contrast to previous work suggesting that synaptic vesicle acidification is needed for 

removal of the clathrin coat, a recent studyfoundthatacidification of the vesicle 

couldnotoccur while the clathrincoatwas retained [68]. Specifically, vATPase activity is 

sterically inhibited by theclathrin coat and is restoredonce the coat is removed through the 

function of auxilin [68]. This result suggests that a delay in SVE could lead to improper 

packaging of DA into vesicles leading to increased cytosolic DA, ultimately contributing to 

dopaminergic neurodegeneration beginning at the axon terminals.

Moreover, SNc dopaminergic neurons are subject to increased levels of oxidative stress 

resulting from the high metabolic activity that is required to support their extensive axonal 

arborization [69,70]. As a consequence of oxidative phosphorylation, toxic reactive oxygen 

species (ROS), including oxygen radicals, semiquinones, quinones, and H2O2, are produced 

and collectively contribute to oxidative stress [71]. These ROS can react with cytosolic DA, 

leading to the formation of highly reactive DA quinones [72,73]. In addition, cytosolic DA 

metabolized by monoamine oxidase (MAO) located in the outer mitochondrial membrane 

also produces H2O2 byproducts, thus further exacerbating accumulation of ROS and toxic 

DA quinones [74]. Nigral dopaminergic neurons also employ protective mechanisms such as 

the formation of neuromelanin and sequestration of DA into synaptic vesicles to minimize 

DA oxidation [59]. We recently showed that PD patient neurons carrying mutations in DJ-1 
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that lead to loss of mitochondrial antioxidant function exhibit increased levels of oxidized 

DA, which further result in downstream toxic effects including lysosomal dysfunction and 

aSyn accumulation [75]. Specifically, oxidized DA was also found to modify the lysosomal 

enzyme glucocerebrosidase on a critical cysteine residue leading to a decrease in its 

enzymatic activity [75]. We thus hypothesize that delays in SVE can lead to increased levels 

of unpackaged, cytosolic DA that is then subject to oxidation. Mutant LRRK2-mediated 

auxilin dysfunction resulted in increased levels of oxidized DA in patient-derived 

dopaminergic neurons that was partially rescued by expression of auxilin [12]. Taken 

together, these studies highlight a connection between synaptic, mitochondrial, and 

lysosomal function and suggest that defects in these pathways may synergize to contribute to 

PD pathogenesis (Figure 2, Key Figure).

Another possibility for the selective vulnerability of nigral dopaminergic neurons to SVE 

deficits is their pacemaking function, which modulates the sustained release of DA to 

targeted brain regions such as the striatum [76]. Pacemaking activity leads to large influxes 

of Ca2+ into the neuron, which can stimulate the Ca2+-dependent calcineurin to initiate 

endocytosis of synaptic vesicles [10]. Mitochondria located at the synapse also contribute to 

the maintenance of pacemaker activity by buffering Ca2+ when cytosolic levels are high 

[71]. Of note, increased mitochondrial calcium stores have been shown to lead to 

mitochondrial dysfunction, suggesting that excessive cytosolic DA, ROS accumulation, and 

Ca2+ buffering by mitochondria may together compromise nigral dopaminergic function 

[71,74].

Dysfunction of Mitochondria and Autophagy at the Synapse

Mitochondria perform crucial energetic roles for active neurons by providing ATP to power 

SVE, which replenishes synaptic vesicles to sustain repeated release of neurotransmitters 

[77–79]. In agreement with this, oligomycin treatment of cells to block mitochondrial ATP 

synthesis led to complete cessation of SVE following sustained high-frequency stimulation 

[80]. Furthermore, inhibition of mitochondrial fission, which reduces mitochondrial mass in 

axon terminals, led to the preferential degeneration of nigral dopaminergic neurons in mice 

[81]. This degeneration was initiated at presynaptic terminals through loss of the striatal 

tyrosine hydroxylase (TH) signal, while ~65% of TH-positive neurons in the SNc remained 

[81].

Besides the regulation of SVE at the synapse, several endocytic genes have also been 

identified as critical modulators of synaptic autophagy, a pathway for the maintenance of 

synaptic protein homeostasis and turnover via the lysosome following neurotransmission 

[82]. Altered synaptojanin 1 function blocked autophagosome maturation in presynaptic 

terminals through the accumulation of Atg18a, an autophagy-related protein, in SYNJ1 
R258Q patient-derived dopaminergic neurons [83]. This dysfunction ultimately led to 

dopaminergic neuron loss in the SYNJ1 R258Q Drosophila model [83]. Another study 

demonstrated that endophilin A1 function is required for synaptic autophagy through its 

recruitment of Atg3 to vesicular membranes following LRRK2-

mediatedphosphorylation[84]. Wehaveshown thatoneconsequenceof defectiveSVE is the 

accumulation of oxidized DA in human-derived dopaminergic neurons [12,75]. Lysosomes 
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may contribute to synaptic integrity by degrading oxidized DA adducts through the synaptic 

autophagy pathway, although the exact mechanisms are unclear [72,82]. Therefore, turnover 

of synaptic proteins and the elimination of damaged mitochondria and oxidized DA by 

lysosomes via synaptic autophagy are critical in maintaining dopaminergic synapses [82,85].

Last, we recently identified the dynamic formation of interorganelle mitochondria–lysosome 

contact sites, which were distinct from mitophagy or lysosomal engulfment of mitochondria 

[86]. These contact sites may further mediate mitochondrial and lysosomal dysfunction in 

PD, in addition to other previously identified contacts such as ER–mitochondria contacts 

[87,88]. Together, these contacts may regulate synaptic Ca2+ buffering and exchange and 

additionally regulate SVE by modulating Ca2+-dependent calcineurin activity during SVE 

[10,19,20,89]. Thus, synaptic, mitochondrial, and lysosomal dysfunction may synergize 

during PD pathogenesis.

Concluding Remarks

A major hurdle to the development of neuroprotective therapies for PD is an incomplete 

understanding of key pathways and targets for therapeutic development. The recent 

emergence of genetic forms of PDhas highlighted the importance of major molecular 

pathways in the pathogenesis of disease, including synaptic, mitochondrial, 

andlysosomaldysfunction.Despitethisnewevidence, there remain significant gaps in our 

understanding of the consequences of synaptic dysregulation 

andhowdeficitsinthispathwayareconnectedtootherpathogenicprocessessuchasmitochondrial 

and lysosomal dysfunction (see Outstanding Questions). In addition, there remains a need to 

better understand the link between deficits in synaptic, mitochondrial, and lysosomal 

dysfunction and the selective vulnerability of SNc dopaminergic neurons in PD. Ultimately, 

further investigation of these molecular pathways will be necessary to identify key targets 

for therapeutic intervention.
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Highlights

Emerging genetic and mechanistic studies link synaptic, mitochondrial, and lysosomal 

dysfunction as major contributors to the degeneration of midbrain dopaminergic neurons.

Recently, endocytic genes (DNAJC6, SYNJ1, and SH3GL2) have been linked to 

Parkinson’s disease pathogenesis or identified as a risk factor for the disease, implicating 

a role for impaired synaptic vesicle endocytosis (SVE) in neurodegeneration.

Among the modifiers of proteins involved in SVE are LRRK2 and parkin. LRRK2’s and 

parkin’s involvement in this context is through their phosphorylation and ubiquitination 

actions, respectively.

Dysfunction in SVE in dopaminergic neurons can lead to increased levels of unpackaged, 

cytosolic DA that is subject to oxidation and pathogenic downstream effects
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Outstanding Questions

What are the key contributors to the intrinsic vulnerability of specific neuronal 

populations in Parkinson’s disease (PD)?

How does the contribution of mitochondrial and lysosomal dysfunction factor into the 

vulnerability of nigral dopaminergic neurons?

Does SVE dysfunction affect non-dopaminergic neurons in PD?

Which of these cellular pathways are first affected in PD pathogenesis and what is the 

mechanism of disease progression at the molecular level?

LRRK2 and PRKN mutations have been recently linked to synaptic dysfunction through 

their roles in the regulation of synaptic vesicle endocytosis (SVE) proteins. Do other PD-

linked genes, such as DJ-1, PINK1, VPS35, and GBA1 directly regulate SVE or perhaps 

indirectly, for instance through perturbation of mitochondrial (DJ-1 and PINK1) or 

lysosomal (VPS35 and GBA1) function, which are necessary to maintain synaptic 

integrity?

Recent studies have suggested that classical SVE genes also have endocytosis-

independent functions at the synapse (i.e., synaptic autophagy). Besides the regeneration 

of synaptic vesicles, are these independent mechanisms important in maintaining protein 

concentrations in specific compartments of the synapse?

Many cellular processes, particularly some at the synapse, involve membranes that 

depend on highly regulated lipid concentrations (i.e., PtdsIns). What are the mechanisms 

that control lipid concentrations at the synapse? Are PD-linked genes and endocytosis-

independent functions (i.e., synaptic autophagy) involved in this process?

Nguyen et al. Page 14

Trends Neurosci. Author manuscript; available in PMC 2019 April 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Recently Identified Parkinson’s Disease Genes Play a Role in Synaptic Vesicle 
Endocytosis (SVE).
The regeneration of synaptic vesicles following neurotransmission involves the concerted 

effort of various synaptic proteins, some of which have been recently linked to Parkinson’s 

disease or identified as risk factors for it (indicated in red in the legend, bottom). Clathrin-

mediated endocytosis, a common mode of SVE, involves five key steps, illustrated here in 

the context of dopamine-loaded vesicles. (1) Invagination/constriction: Following the 

recruitment of adaptor and clathrin-coat proteins to the plasma membrane, endophilin A1 

regulates the curvature of the emerging vesicle. Endophilin A1 is also responsible for the 

recruitment of dynamin to the neck of the clathrin-coated vesicle (CCV). (2) Fission: 

Dynamin then constricts the neck and mediates CCV fission from the plasma membrane. 

Endophilin A1 also recruits synaptojanin 1, whose phosphatase activity dephosphorylates 

synaptic vesicle membrane lipids to release adaptor proteins, allowing auxilin to bind to the 

CCV. (3) Clathrin uncoating: Auxilin is a cofactor for hsc70, which simulates the removal of 

the clathrin coat through its ATPase activity. (4) Packaging: Once the clathrin coat is fully 

removed, dopamine can be packaged into the nascent vesicle. (5) Vesicular dopamine: The 

dopamine-loaded vesicle is available for the next cycle of neurotransmitter release. 

Dopamine sequestration inside the vesicle also mitigates elevation of its cytosolic levels and 

prevents dopamine from becoming oxidized in the cytosol.
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Figure 2. 
Recent work has identified a pathway for cytosolic oxidized dopamine (DA) and αSynuclein 

accumulation due to dysfunction in synaptic vesicle endocytosis in human-derived 

dopaminergic neurons [12]. These byproducts can further inhibit mitochondrial function by 

impairing ATP production and increase reactive oxygen species production via 

mitochondrially mediated metabolism of cytosolic DA. In addition, they can contribute to 

lysosomal dysfunction, which may further involve defective proteolytic turnover of synaptic 

proteins and the accumulation of insoluble protein aggregates. It is conceivable that the 

convergence of synaptic, mitochondrial, and lysosomal dysfunction may exacerbate 

cytosolic DA and αSynuclein accumulation and ultimately result in cell death in Parkinson’s 

disease.

Key Figure Deficits in Synaptic Vesicle Endocytosis Potentially Mediate Dopaminergic 

Neurodegeneration through Intersections with Mitochondrial and Lysosomal Dysfunction
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