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Abstract Alterations occur within distal neuronal compart-
ments, including axons and synapses, during the course of
neurodegenerative diseases such as Parkinson’s disease
(PD). These changes could hold important implications for
the functioning of neural networks, especially since research
studies have shown a loss of dendritic spines locating to
medium spiny projection neurons and impaired axonal
transport in PD-affected brains. However, despite ever-
increasing awareness of the vulnerability of synapses and
axons, inadequate understanding of the independent mech-
anisms regulating non-somatic neurodegeneration prevails.
This has resulted in limited therapeutic strategies capable of
targeting these distinct cellular compartments. Deregulated
protein synthesis, folding and degrading proteins, and pro-
tein quality-control systems have repeatedly been linked
with morphological and functional alterations of synapses
in the PD-affected brains. Here, we review current under-
standing concerning the proteins involved in structural and
functional changes that affect synaptic contact-points in PD.
The collection of studies discussed emphasizes the need for
developing therapeutics aimed at deregulated protein syn-
thesis and degradation pathways operating at axonal and
dendritic synapses for preserving “normal” circuitry and
function, for as long as possible.
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AD Alzheimer’s disease
Aß Amyloid-ß
APP Amyloid precursor protein
CSPα Cysteine-string protein α
DLBD Diffuse Lewy body disease
DA Dopamine
EF1A Elongation factor 1-alpha
FRET Förster resonance energy transfer
GST Glutathione S-transferase
Hsp Heat shock protein
LBs Lewy bodies
LRRK2 Leucine-rich repeat kinase 2
LRP1 Lipoprotein receptor-related protein 1
LC-MS/MS Liquid chromatography tandem mass

spectrometry
MEF2 Myocyte enhancer factor 2
MSNs Medium spiny neurones
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induced kinase1
PolyQ Polyglutamine
PKC Putative protein kinase C
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5-HT Serotonin
6-OHDA 6-Hydroxydopamine
PrP Prion protein
5-HT Serotonin
SN Substantia nigra
UCH-L1 Ubiquitin carboxyl terminal

hydrolase-L1

Introduction

Synapses form the basic currency of information exchange
between neurons and also underlie the basic physiological
function of neuronal circuits. Electron microscopic images
have revealed the principal structural components that com-
prise the synapse (Fig. 1). These include the presynaptic
bouton that contains the synthetic machinery for synthesiz-
ing neurotransmitters, the synaptic vesicles for neurotrans-
mitter storage and release via the presynaptic membrane into
the synaptic cleft, whilst the postsynaptic membrane con-
tains the target receptors which activate upon specific bind-
ing to a neurotransmitter protein. In the majority of
neurotransmitter systems, the presynaptic bouton contains
sophisticated reuptake mechanisms and enzymes, for re-
moving excess neurotransmitter particles from the cleft, thus
terminating the neural response. The system relies heavily
on mitochondria for generating the necessary cellular energy
to drive processes and on intact protein synthetic/metabolic
machinery for maintaining functional integrity.

In considering the vast complexity of processes and
components that comprise correct synaptic function and
assembly, it is reasonable to assume that pathologies affect-
ing synapses and resulting in their eventual failure may
manifest as clinically recognizable disease. Insights into
how neurodegenerative processes in disease impact on syn-
aptic integrity are key for developing therapies to halt neu-
rodegenerative processes in diseases, such as Alzheimer’s
disease (AD), Huntington’s chorea and Parkinson’s disease
(PD).

Synaptic Protein Aberrations in Neurodegenerative
Disease

Recent studies highlighted the important role that non-
somatic neuronal compartments might play in the onset
and progression of neurodegeneration [1, 2]. This includes
synaptic dysfunction that may result from deregulated pro-
tein synthesis and protein–protein interactions, operating at
all steps that comprise communication involving extracellu-
lar signalling. In essence, these involve six steps: (1) syn-
thesis and (2) release of the signalling molecule by the
signalling cell, (3) transport of the signal to the target cell,

(4) detection of the signal by a specific receptor protein
within the postsynaptic membrane, (5) a change in cellular
metabolism, function or development triggered by the
receptor-signal complex, and (6) removal of the signal,
which often terminates the cellular response. For these, the
presynaptic machinery regulates the synthesis, packaging
and secretion of transmitter, whilst the postsynaptic appara-
tus detects the transmitter and propagates the signal. These
processes are depicted in Fig. 1, whilst also providing a
reference to the PD-linked genes identified thus far which,
when mutated, could hold important implications for
synaptic-related events. The accompanying figure provides
an illustrated overview of how PD-related pathology (i.e.
genetic mutations, known and unknown environmentally
derived toxin exposure) could impact on the normal synap-
tic machinery, comprising of a presynaptic neuron with its
various synaptic elements (i.e. synaptic vesicles for neuro-
transmitter storage, release and recycling, mitochondria for
generating the processes underlying normal synapse func-
tion and cellular processes for handling misformed and
aggregated proteins). Various proteins linked to PD pathol-
ogy are indicated on the right-side legend. However, since
compilation of the figure was based on current research as to
such protein’s role in normal synaptic physiology and when
affected by PD, we can only place their gross neuronal (pre-
vs. postsynaptic) and microscopic location (i.e. mitochon-
drial, cytosolic, presynaptic membrane) according to recent
research results, as discussed in this review. The green stars
indicate chaperone activity, which have been implicated in
various PD-related pathological events. These provide a
rationale for improved understanding of the role of synaptic
proteins in PD, since information on such processes and the
integral protein role players involved provides a feasible
means for designing therapeutic strategies for improving
PD symptoms.

AD pathology is characterized by substantial synaptic
loss, demonstrated by immunohistochemical synaptic
markers that label synaptophysin to stain for presynaptic
vesicles. This synaptic loss was revealed to provide the best
indicator for cognitive impairment, including dementia in
AD cases [3, 4]. Although the molecular mechanism under-
lying this phenomenon remains to be better explained by
future investigations, current evidence suggests that soluble
β amyloid protein (Aβ), which can exist as oligomers or
aggregate into amyloid plaques, is involved in the synaptic
loss/deficits. This includes a study describing that in AD
brains, insoluble Aβ peptides reduce levels of putative
protein kinase C (PKC), regarded as important for synapto-
genesis and neurotransmitter release [5], whilst also inhibit-
ing its activation [6, 7].

Amyloid precursor protein (APP), from which Aβ pep-
tides derive, is transported to presynaptic terminals [8, 9].
The precise physiological roles of APP within the synapses
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are receiving increasing focus from AD research scientists
due to the finding that spine loss occurs in hippocampal
neurons in transgenic mice expressing human mutant APP
[10]. The Aβ cascade hypothesis, which states that Aβ
accumulation is the principal pathological event leading to
neurodegeneration in the AD brain [11], has received sup-
port from studies performed on transgenic mice that express
familial mutations of human APP. In particular, animals
produced essential aspects of the disease, including amyloid
plaques, deficits in performing cognitive tasks and abnor-
malities affecting the mechanisms underlying synaptic plas-
ticity, resulting in adverse effects on learning and memory
[12]. However, this line of investigation has been compro-
mised by reports that such animals seldom develop neuro-
fibrillary tangles and exhibit little synaptic and neuronal
loss, which serve as pathological hallmarks of AD, as
reviewed by Gotz and colleagues [13]. Related to this,
Guisti-Rodriguez and colleagues [14] recently examined
the role of Aβ elevation in the CK-p25 inducible mouse
model of neurodegeneration, which recapitulate many hall-
mark features of AD, including progressive neuronal loss,
elevated Aβ levels, tau pathology, cognitive dysfunction
and impaired synaptic plasticity [15, 16]. In particular, the
study evaluated the impact of p25 overexpression on a
background of normalized Aβ levels in the CK-p25 mouse,
due to Cdk5 being a proline-directed serine/threonine kinase
whose activation by the p25 protein has been implicated in a
number of neurodegenerative disorders, possibly by

upregulating expression and activity of the β-site amyloid
precursor cleaving enzyme (BACE1), for initiating the se-
quential cleavage of APP and resulting in intraneuronal
accumulation of Aß peptides [9, 17, 18]. The study demon-
strated that partial genetic deletion of BACE1 and concom-
itant increases in p25/Cdk5 activity served to restore Aβ
levels in the CK-p25 mouse to those of wild-type mice and
were accompanied by a rescue of synaptic and cognitive
deficits.

Other evidence showed that deletion of a major lipopro-
tein receptor, low-density lipoprotein receptor-related pro-
tein 1 (LRP1), results in brain lipid metabolism deficits and
correlates with progressive, age-dependent dendritic spine
degeneration, synapse loss, neuroinflammation, memory
loss and eventual neurodegeneration [19].

Huntington’s chorea manifests due to expression of mutant
forms of the ubiquitous protein huntingtin, containing a path-
ologically expanded polyglutamine (polyQ) repeats at the N-
terminal region of this ubiquitously expressed protein. This
results in degeneration with concomitant synaptic dysfunction
of neurons located in the striatum and cerebral cortex, result-
ing in motor dysfunction and dementia [20]. Use of a Dro-
sophila HD model reported enhanced neurotransmitter
release, resulting in neurodegeneration in neuromuscular syn-
apses expressing mutant htt [21]. However, in order to discern
primary synaptic changes from changes resulting from neuro-
degeneration, Rozas and colleagues [22] made use of a trans-
genic mouse model of HD to show that expanded htt increases
synaptic release at vertebrate motor nerve terminals.

Prion diseases are neurodegenerative disorders caused by
transmissible particles, composing of a pathogenic confor-
mation of a host-encoded glycoprotein called the prion
protein, which forms a normal constituent of cell mem-
branes [23]. This group of diseases affects both animals
and humans and includes Creutzfeldt–Jakob disease and
Gerstmann–Strãussler–Scheinker in humans, bovine spon-
giform encephalopathy also known as “mad cow disease”
affecting cattle, chronic wasting disease seen in mule deer
and elk, and scrapie that manifests in sheep [24]. The view
of AD has undergone a remarkable shift in recent times,
from the once-held perspective entailing diffuse errors in
protein folding, arising autonomously throughout a tissue
due to a pathologic stressor, to one where AD pathogenesis
entails a seed of pathologically misfolded protein, yielding a
template to catalyze misfolding of the native protein [25]. A
series of studies using homogenates taken from human AD
brains, and therefore containing Aβ, or a mouse model of
AD, provided support to the growing contention that Aβ
holds “infectious” properties, similar to prion protein (PrP),
by revealing the ability of pathological Aβ to “seed” in
naïve mouse models [26–28].

It has been proposed that in PD-affected brains, alpha-
synuclein (αSYN), a small, intrinsically unstructured

Fig. 1 Protein mishandling as a prominent feature of synaptic pathol-
ogy seen in PD. An action potential is evoked in the presynaptic
neuron (a), allowing for the release of neurotransmitter into the syn-
aptic junction, and postsynaptic neuronal (b) changes. To prevent
chronic stimulation of receptors locating to the postsynaptic mem-
brane, excess neurotransmitter molecules are either recycled or re-
moved through cellular and molecular machinery. Several proteins
are involved in maintaining this basic flow of activities at synaptic
level, whilst changes affecting such proteins can disrupt synaptic
transmission, resulting in symptoms indicative of PD. Such changes
are illustrated in the figure and include postsynthesis proteins that may
acquire different misfolded conformations and may form dimers,
oligomers and, in later stages, amyloid fibrils. These may sequester
into inclusion bodies, such as LBs. Mitochondrial dysfunction, oxida-
tive stress and protein mishandling have been tightly interconnected in
this hypothesized pathogenic cascade and are indicated as modifiers in
the figure. Additional possible interactors have been omitted for clarity.
The dotted outline boxes describe various cellular and molecular events
associated with PD pathology, along with examples of proteins in-
volved as role players in such processes. For example, dotted outline
box 3 indicates disruptions affecting normal vesicle synthesis, recy-
cling and neurotransmitter release, all being recognized as processes
that are likely to underlie aspects of parkinsonism. Immediately below
follows a summarized list of proteins identified by various studies thus
far that have implicated proteins such as the presynaptic protein αSYN
in disrupting such processes, as well as work that highlighted a possi-
ble role for altered relations between αSYN and various other synaptic
proteins, including CSPα, Aß1-42, Rab5, Rab8 and PCLß1

R
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neuronal protein, found enriched in presynaptic nerve ter-
minals and which appears to fulfil a role in regulating
synaptic function recycling [29, 30], transfers intercellularly
to, in the process, recruit and aggregate protein in recipient
cells in a prion-like manner. This was evidenced by sub-
stantial analyses performed on autopsied material taken
from PD patients, which showed that LBs first emerge in
the brain stem and olfactory bulb prior to the appearance of
motor symptoms, followed by gradual spreading throughout
the brain [31]. The concept of a prion-like propagation as an
underlying mechanism for PD pathology gained consider-
able support from postmortem analyses performed on PD
patients who had received embryonic neuron grafts approx-
imately a decade before patients eventually died. Taken
together, the studies all showed that pathological αSYN-
immunoreactivity appears not only in the patient’s natural
brain tissue but also in the grafted neurons [32–34]. Al-
though the precise means by which the transfer of αSYN
to neighbouring neurons might occur remains enigmatic, a
plausible suggestion is that this may involve tunnelling
nanotubes, F-actin extensions which could play a vital part
in cell signalling [35]. In fact, this mechanism has already
been demonstrated to operate for transferring PrP [36].

Numerous reports highlight pre- and postsynaptic dys-
function that involve proteins that extend beyond the prion
perspective, suggested to explain PD pathogenesis, with
such proteins that have been implicated in various neuronal
cell types in both PD patients and in animal models used for
replicating aspects of the human disease [37, 38]. The syn-
aptic pathology associated with PD provides an opportunity
for therapeutic intervention, through restoration of neuro-
transmitter tone. In this regard, how synaptic proteins and
protein–protein interactions might contribute towards the
onset and progression of the disease phenotype remains an
important area for ongoing research. The aim of the current
review is to advocate for a shift in the current conceptual
view of the treatment of PD from a restoration of extracel-
lular neurotransmitter depletion to replacement of lost stria-
tal synapses by using the numerous examples drawn from
the growing literature on the subject.

Parkinson’s Disease: Pathogenesis

PD is the most common movement disorder [39], second
most common only in the broad spectrum of diseases that
make up the neurodegenerative diseases, which also
includes AD. The primary motor dysfunction phenotype of
PD consists of bradykinesia, tremor and rigidity. Postural
instability, gait and balance anomalies develop in the later
stages of the disease [40]. The primary motor features of the
disease are mainly due to progressive degeneration of dopa-
minergic neurons which originate in the substantia nigra

(SN) and project to the caudate and putamen, with a subse-
quent decline in caudate–putamen dopamine (DA) content.
Insights resulting from this observation have led to the
introduction of DA replacement therapy. However, chronic
treatment with such pharmacological agents (e.g. L-DOPA)
associates with motor complications that mar the clinical
benefit of the drug. Non-dopaminergic neuronal degenera-
tion has also been reported in multiple sites in the PD-
affected brain and associates mainly with non-motor symp-
toms, including dementia, sleep disturbances, autonomic
dysfunction, severe anxiety, mood swings, concentration
difficulties and fatigue, amongst other difficulties [41, 42].
These symptoms exert considerable impact on the quality of
life of both patient and caregiver [43] and are believed to
result from dysfunctions affecting neuron types such as
those that synthesize, store and release noradrenaline, sero-
tonin (5-HT), acetylcholine (ACh) and glutamate. Such
insights have served to direct research efforts for ascertain-
ing the efficacy of non-dopaminergic drugs aimed at manip-
ulating PD symptoms beyond the damaged dopaminergic
system [44–48].

PD is believed to stem from multifactorial origins, with
exposure to pesticides, advancing age and an inherent ge-
netic vulnerability for developing the disease comprising the
most prominent risk factors for sustaining PD [49]. Mito-
chondrial dysfunction has been detected in multiple tissues
taken from individuals diagnosed with sporadic PD. The
first description of mitochondrial dysfunction in idiopathic
PD was narrowed down to a deficiency of complex I activity
in the SN [50–52]. This initial report was soon followed by
reports of mitochondrial dysfunction seen in skeletal mus-
cle, platelets and lymphoblasts in some PD patients [53, 54].
Although other studies have reported mitochondrial defects
in the frontal cortex of PD patients [55], such claims await
substantiation.

These include convincing reports that make reference to
energy deficits, enhanced production of free-radical species
and concomitant oxidative stress [56] and altered regulation
of macro-autophagy and selective mitophagic clearance of
damaged mitochondria as potential primary generators of
PD pathology [57–59]. Neurotoxins such as rotenone [60,
61] and MPTP [62, 63], used for mimicking aspects of
human PD in animals to a remarkably accurate extent, act
by inhibiting complex I of the mitochondrial electron trans-
port chain, locating to the lipid bilayer of the inner mito-
chondrial membrane. Results showing that certain PD-
associated gene products, especially from studies performed
on PINK1 and parkin, exert either direct or indirect adverse
impacts on mitochondrial integrity provide further compel-
ling evidence for a strong causal relation between mitochon-
drial dysfunction and concomitant oxidative stress and
parkinsonism [64–66]. This includes molecular analysis
studies which revealed that PINK1 serves as a tumour
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suppressor, composing of an NH2-terminal mitochondrial
targeting signal motif, a putative transmembrane region
and a serine-threonine kinase domain, with certain muta-
tions affecting PINK1 that can destabilize the protein,
whereas others may decrease kinase activity [67].

However, the exact extent to which mitochondrial-related
events function either independently or in synergy to con-
tribute towards PD pathology remains to be determined
[49].

A change in synaptic physiology, brought on by neuro-
degenerative disease, evokes homeostatic shifts in the ratio
of mobile to stationary mitochondria, coordination of this
relation being critical to ensure optimal neuronal function
[68]. Understanding mitochondrial events operating within
synapses, such as to provide energy to ensure effective
transport of synaptic vesicles, neurotransmission and to
buffer excess Ca2+ at synapses, promises to contribute to-
wards a viable potential therapy for PD.

Emerging evidence also implicates incomplete proteolysis
by the ubiquitin–proteasome system for controlling the deg-
radation of accumulated, misfolded, mutant and oxidatively
damaged cellular proteins in PD etiopathogenesis [69]. This
has been demonstrated using varieties of dopaminergic neuro-
toxins applied to in vitro and in vivo models that recapitulate
some of the key features of PD by inhibiting proteasomal
function [70]. Apart from the clues that such studies provide
for a role played by environmental factors in incomplete
proteolysis in PD, genetic factors also appear to contribute to
proteolytic machinery failure [71–74]. However, the degree to
which each factor contributes to the initiation and progression
of PD remains to be determined.

Although the vast majority of PD cases present sporadi-
cally, approximately 7% of all PD cases result from a
monogenic cause [75]. Sequence or copy number variants
in several genes have been identified, supporting a causal
association with familial forms of PD. These include α-
synuclein (SNCA), parkin, ubiquitin carboxyl terminal
hydrolase-L1 (UCH-L1), DJ-1 (PARK7), leucine-rich repeat
kinase 2 (LRRK2), PTEN (phosphatase and tensin homo-
logue)-induced kinase1 (PINK1) [76, 77] and in ATP13A,
encoding for a lysosomal type 5 P-type ATPase [78]. For a
recent overview and up-to-date information on the genetic-
molecular foundations of familial PD, see the reviews by
Hardy et al. [79] and Schulman and colleagues [80].

Others have shown a homozygous mutation in PLA2G6
on chromosome 22 [81], whilst mutations affecting FBX07,
the product being an F-box protein, result in PARK15 and
associate with autosomal recessive, early onset parkinsonian
pyramidal syndrome [82, 83]. Mutations have also been
detected in the gene encoding the Htra2/Omi protein and
in GIGYF2 encoding the Grb10-interacting GYF protein 2;
both of which correlate significantly with autosomal-
dominant PD [84–86].

Intraneuronal inclusion bodies (Lewy bodies (LBs) and
Lewy neurites) serve as the major histopathological hall-
mark of PD when found present in the SN of postmortem
cases [31]. These are composed of aggregates of normal,
misfolded and truncated proteins, the most prominent of
these being aggregate-prone alpha-synuclein (αSYN),
which locates to the presynaptic neuronal compartment
[87] (Fig. 1). In PD, αSYN is reported to be abnormally
glycated, phosphorylated, nitrated and oxidized; displays
abnormal crystallographic structure and solubility; and is
prone to forming aggregates and insoluble fibrils [88–95].
The biochemical mechanisms responsible for these post-
translational changes that results in aggregation, to ulti-
mately form proteinacious inclusion bodies, remain a
highly active area of research.

Proteins Affecting Neurotransmitter Synthesis
and Release in PD

Neurotransmitter release has evolved as a specialized form
of membrane trafficking in neurons, a process that is
calcium-regulated and is responsible for extremely rapid
network communications through the central nervous sys-
tem. Several proteins have been deemed central to the
exocytotic apparatus’ functioning and include the Sec18/
N-ethylmaleimide-sensitive fusion protein (NSF) homo-
logues, Sec17/soluble NSF attachment proteins (SNAPs),
SNAP receptors (SNAREs, an acronym derived from SNAP
(Soluble N-ethylmaleimide sensitive fusion Attachment Pro-
tein) REceptor), Sec1/Munc18 homologues (SM proteins)
and small GTPases of the Rab protein family. In addition,
proteins such as synaptotagmin 1, Munc13-1 and the com-
plexins have been deemed crucial for Ca2+-triggered exocy-
tosis, being specialized for the tight spatial and temporal
regulation of neurotransmitter release.

The PD-linked proteins αSYN, parkin and LRRK2 local-
ize to synaptic membranes whilst also associating with mem-
brane trafficking [96–100]. Insights into how such proteins
may assist inmembrane transport functions at the synapses are
only beginning to emerge.

Several experimental reports support the notion that for-
mation of αSYN amorphous, granular and/or fibrillar aggre-
gates may result in neuronal dysfunction, potentially by
obstructing normal cellular trafficking and/or trapping cel-
lular components in inappropriate locations [71, 101]. This
pathology has been observed in synapses, axons, dendrites
and neuronal cell somata.

Rieker and colleagues [102] examined transgenic mice
expressing the wild-type mouse αSYN ortholog, carrying a
threonine at position 53, similar to the PD-linked A53T
human mutant version. The group reported that neuromus-
cular synapses in long white matter tracts of the spinal cord
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showed signs of presynaptic degeneration, although less
pronounced as reported previously in lines expressing hu-
man αSYN [103].

αSYN’s presynaptic-specific location was suggested to
play a role in mobilizing synaptic vesicles [104]. The func-
tions relate to how, in healthy brain tissue, NACP/αSYN is
transferred to the synaptic terminals, where it gets assem-
bled on the surface of the synaptic vesicle. In this regard,
recent evidence reported that small oligomer aggregates of
αSYN accumulate at the presynaptic membrane, triggering
toxic stimuli that lead to synapse degeneration during pro-
gressive PD [105]. These different mechanisms of cellular
dysfunction may not be mutually exclusive. For understand-
ing how NACP/αSYN is involved in the synaptic pathology
seen in PD, it is imperative to enhance our knowledge of
proteins that co-localize with this molecule.

In a highly informative series of experiments, Chandra
and co-workers revealed that wild-type αSYN acts as a
molecular chaperone by assisting in the folding and refold-
ing of SNARE protein complexes, crucial for neurotrans-
mitter release into the synaptic cleft following the arrival of
action potentials at the synaptic terminal, for vesicle recy-
cling and to ensure synaptic integrity. The authors also
tested for possible interactions between αSYN and
cysteine-string protein α (CSPα, also known as DnaJ5 and
heat shock protein (Hsp)40), a presynaptic molecular chap-
erone, and a member of a family of conserved small proteins
(167-249 amino acid residues in length) found abundantly
within synapses. The strategic location of CSPα, on the
cytoplasmic face of presynaptic vesicles, contributes to its
crucial role for maintaining the integrity of synaptic nerve
terminals [106]. Critical functions assigned to CSPα include
folding and refolding synaptic proteins that have proved
critical for neurotransmitter release, vesicle recycling and
synaptic integrity [107].

The study by Chandra and colleagues showed that trans-
genic expression of αSYN abolishes the lethal phenotype
created by deletion of CSPα in mice, manifesting as wide-
spread age-dependent neurodegeneration, including defects
in synaptic transmission which could account for the im-
paired motor performance seen in these mice. Furthermore,
transgenic expression of human A53T mutant αSYN com-
pletely abolished the lethality of CSPα knock-out mice.

These results are indicative of a physiological role for
αSYN in protecting nerve terminals against injury, whilst
the study also revealed that transgenic αSYN was only capa-
ble of exerting this physiological effect when binding to
phospholipid membranes. This finding was affirmed by
results which showed that knock-out of endogenous synu-
cleins produces contrasting results by accelerating the lethality
of the CSPα deletion.

The authors also revealed an intricate protein–protein
interaction between CSPα and αSYN for controlling the

appropriate SNARE complex assembly. This was demon-
strated by the result that overexpressing SNCA restored
SNARE complex levels whilst suppressing presynaptic de-
generation, motor dysfunction and eventual death of CSPα-
null mice.

This compelling report on the physiology of αSYN in vivo
raises several speculations as to how aberrant activity of this
protein might lead to neurodegeneration in PD and other
synucleinopathies. A key question emerging from this obser-
vation in light of the suggested function for LB formation—to
provide a cellular protective response against misfolded or
abnormal proteins—is whether an aberrant chaperone activity
of αSYN could interfere with synaptic integrity. Chaperones
specifically recognize misfolded proteins whilst serving as
key specificity factors for other cellular defences, such as
proteolysis by the proteasome and autophagy. The suggestion
that native αSYN provides a cellular defence mechanism
against toxic protein conformers for counteracting PD patho-
genesis therefore highlights the therapeutic potential in drugs
designed to upregulate the molecular chaperon activities of
αSYN in brain tissues or for promoting the conditions that
could restore the efficiency of the cellular defence decreases in
stressed or aging neurons, leading to neuroinflammation, ap-
optosis and tissue loss. On the other hand, recent work
revealed that various small Hsps bind weakly to and affect
the fibrillization of wild-type and disease-associated mutant
αSYN by inhibiting or slowing down the protein’s aggrega-
tion [108]. Yet, this effect on intracellular αSYN fibrillization
was not consistently seen for all small Hsps, with some rather
promoting aggregation. Hence, findings emerging from this
study advocate for efforts to optimize the interaction between
chaperones such as small Hsps and αSYN as an interesting
target for therapeutic intervention in the pathogenesis of α-
synucleinopathies such as PD. In this regard, other docu-
mented work supports the possibility that enhanced function
of chaperone proteins, includingHsp70 and TorsinA, a protein
with homology to yeast Hsp104, can alter normal and abnor-
mal αSYN function [109–112].

Related to this, the finding by Chandra and co-workers
that altered CSPα function may contribute to PD, since
CSPα naturally protects against αSYN toxicity, misfolding
and aggregation, where all of which may contribute towards
the synaptic degeneration seen in PD, suggests CSPα to be
considered as a promising therapeutic approach for treating
PD. However, further studies will be necessary to substan-
tiate the validity of such claims.

Shin and colleagues [113] made use of a yeast two-hybrid
screen to identify Rab5b as an LRRK2-interacting protein
partner. Subcellular fractionation and immunocytochemical
analyses furthermore revealed that a fraction of both pro-
teins co-localize in synaptic vesicles. The authors also
showed that either overexpression or knockdown of endog-
enous LRRK2 in primary neuronal cells significantly
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impaired synaptic vesicle endocytosis, which was rescued
by co-expressing functional Rab5b protein. Taken together,
the results of this study were the first to show that LRRK2
may be a critical interaction partner of Rab5b, with this
interaction serving to modulate endocytosis of synaptic
vesicles.

Sophisticated transport and delivery systems are required
for proteins expressed within mammalian cells to allow
them to reach their correct intracellular locations. This
depends on a constant turnover of vesicles, which relies on
synaptic vesicles located in presynaptic nerve terminals, for
storing, transporting and releasing neurotransmitter content
into the synaptic cleft in a highly coordinated manner. This
step is preceded by an increase in the level of Ca2+, resulting
in the vesicles fusing with the presynaptic membrane at the
active zones in the terminals [114, 115]. Following the
fusion events, new synaptic vesicles form via endocytosis,
which then enter the nerve terminals to get refilled with
neurotransmitter for reuse [116].

Piccoli and co-workers demonstrated an interaction effect
between LRRK2 and several presynaptic proteins [117]. The
authors explored pre- and postsynaptic properties of cortical
neurons following LRRK2 silencing. In particular, the authors
demonstrated that LRRK2 depletion affects the mobility and
transportation of vesicles, vesicle dynamics in the synaptic
bouton and their distribution in presynaptic pools locating to
synapses. Utilization of co-immunoprecipitation and glutathi-
one S-transferase pull-down assays furthermore identified
several LRRK2 interacting proteins, including N-ethylmalei-
mide sensitive factor (NSF), AP-2 complex subunits, SV2A,
synapsing, syntaxin 1 and actin; all of which have previously
been described as key elements of presynaptic vesicle traf-
ficking [118].

αSYN expresses predominantly in the CNS, localizing to
neuronal presynaptic terminals [119, 120], where it regu-
lates synaptic vesicle formation and neurotransmitter release
[121]. Nemani and co-workers [122] explored potential
mechanisms underlying the reported association between
overexpressed wild-type human αSYN and membrane traf-
ficking defects. The authors reported that even modest
αSYN overexpression, within the range predicted for gene
multiplication, but in the absence of overt toxicity, markedly
reduced neurotransmitter release. Imaging of the synaptic
vesicle cycle elucidated on a possible mechanism for this by
revealing a reduction in the size of the vesicle pool, reduced
synaptic vesicle density at the active zone and defective
reclustering of synaptic vesicles following endocytosis. Re-
duced levels of synapsins seen in transgenic αSYN over-
expressing mice was suggested as a potential mechanism to
explain the apparent control that αSYN exerts over synaptic
vesicle clustering and the size of the recycling pool. This
multigene family of neuron-specific phosphoproteins
locates to synaptic vesicles and is able to interact in vitro

with lipid and protein components of synaptic vesicles and
with various cytoskeletal proteins, including actin [123].
The result implies that rather than the physiological effects
of αSYN overexpression reflecting a loss of synapsins, both
seem to influence related processes involved in vesicle
mobilization [122]. These findings also implicate that
heightened levels of αSYN produce defects in synaptic
vesicle recycling, which may precede overt PD-related neu-
ropathology. Furthermore, the work also demonstrated
impairments in glutamate and DA release in this transgenic
model, supporting a prediction that neural network dysfunc-
tion leads to further pathology. However, this postulation
did not receive experimental support from use of a knock-
out model of wild-type human αSYN. Conversely, increas-
ing αSYN expression 2–3-fold was shown to inhibit neuro-
transmitter release in glutamatergic hippocampal pyramidal
neurons and mesencephalic dopaminergic neurons. ßSYN
overexpression was shown to be capable of inhibiting this
neurotransmitter release, suggesting for a dual control over
this function with αSYN.

The study also revealed that αSYN overexpression
reduces the size of the synaptic vesicle pool and prevents
synaptic vesicle clustering. Other work reported a link be-
tween αSYN and Rab3a [124], a protein involved in syn-
aptic vesicle trafficking, and between αSYN–rabphilin
interaction. Previous work suggested that Rab3a fulfils
non-essential functions [125, 126]. However, the observa-
tion of synaptic morphological changes in Caenorhabditis
elegans rab3-null mutants, including fewer synaptic
vesicles, especially near the active zone, but more synaptic
vesicles at ectopic sites [125], suggests that transport of
synaptic vesicles at nerve terminals is impaired in the ab-
sence of rab3. Rabphilin is a peripheral membrane protein
present in synaptic vesicles, which binds selectively to the
GTP-form of rab3a and rab3c [127]. A functional role for
rabphilin in exocytosis was suggested by the finding that
overexpression of rabphilin in chromaffin cells enhances
transmitter release significantly [128]. Since αSYN, rab3a
and rabphilin participate in the docking and fusion of syn-
aptic vesicles, the result emerging from the study by Dalfó
and colleagues [124], to demonstrate decreased binding of
rab3a to rabphilin and increased binding of rab3a to αSYN
aggregates, suggests that neurotransmitter exocytosis may
be impaired in LB diseases such as PD.

Other work by the same group revealed an altered rela-
tionship between αSYN and Rab5, and αSYN and Rab8 in
transgenic mice expressing wild-type and mutant human
A30P in the SNCA gene, deemed causal in familial PD.
The mice showed a progressive parkinsonian motor pheno-
type, accompanied by accumulation of αSYN in the soma
and neurites, with accompanying CNS gliosis [129]. The
αSYN interactions were not regarded as being dependent on
the level of Rab protein used in the assay. Rather, αSYN
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interactions with Rab proteins were seemingly due to mu-
tant αSYN instead. Since Rab3a, Rab5 and Rab8 fulfil
important roles in synaptic vesicle trafficking and exocyto-
sis at the synapse, vesicle endocytosis and trans-Golgi trans-
port, the results from this suggest that such functions may be
impaired in PD patients harbouring the A30P SNCA
mutation.

Moreover, altered interactions were suggested between
αSYN and phospholipase C (PLCβ1), which acts as a
signalling step to metabotropic glutamate receptors [130].
The study revealed reduced levels of PLCβ1 in the frontal
cortex taken from the postmortem brains of diffuse Lewy
body disease (DLBD) patients. This degenerative disease of
the nervous system involves the brain stem, diencephalic
nuclei and cerebral cortex and associates with abnormal
αSYN aggregation and widespread formation of LBs and
Lewy neurites. The study also affirmed αSYN/PLCß1 bind-
ing in control patients and decreased αSYN/PLCß1 binding
in DLBD patients. Additionally, the study showed that
αSYN aggregation, as seen in DLBD, produces an inhibi-
tory effect on transmitter release by cortical glutamatergic
synapses to highlight glutamatergic receptors as putative
pharmacological targets in DLBD. It remains to be seen
whether such an abnormal protein interaction, with conse-
quences on glutamatergic transmission, is present also in
other synucleinpathic diseases such as PD.

Another protein that showed an interaction effect with
overexpressed αSYN was complexin 2. Similar to αSYN,
complexin 2 localized to presynaptic nerve terminals and
showed a significantly reduced level of detection in tissue
taken from transgenic mice overexpressing αSYN. This
coincided with a proposed role for αSYN to act as a chap-
erone to the SNARE proteins, since a change in complexin
levels has been associated with the step immediately pre-
ceding fusion with the plasma membrane [131]. The authors
discounted altered SNARE protein function from contribut-
ing towards the defect seen in synaptic vesicle mobilization
and reduced clustering of synaptic vesicles near the active
zone, as this study reported here [132]. However, the inves-
tigators proposed that the reduction in complexin 2 seen in
the transgenic mice may reflect a gain in normal function for
αSYN.

In summary, the study served to illustrate a potential
mechanism that may underlie the observation that even
modest overexpression of αSYN can significantly elevate
the risk of forming synucleinopathies and becoming symp-
tomatic of PD. A further implication of this work is that due
to the fact that αSYN is diffusely expressed throughout the
brain, it is reasonable to assume that its overexpression is
not limited to a particular cell phenotype, hence impacting
on the function of a widespread array of brain circuits.

A study by the Spillantini group [133] utilized a previ-
ously characterized transgenic mouse line called αSYN(1-

120), which revealed a novel gain of toxic function of
αSYN at the synaptic level. Here, the cells expressed
carboxy-terminally truncated human SNCA(1-120) under
control of the rat tyrosine hydroxylase promoter and with
a mouse SNCA-null background. Truncation of αSYN is
regarded of clinical importance, with the biochemical pro-
cess that is known to enhance the formation of cellular
aggregates containing granular and filamentous αSYN in
dopaminergic neurons of the SN in mice, similar to what
was seen in PD patients [134].

The model used by the Spillantini group accurately
reflects early pathological events in human PD by showing,
in addition to the biochemical changes mentioned previous-
ly, that animals also showed reduced striatal DA levels and
motor function abnormalities. Members of the SNARE pro-
tein superfamily are primarily responsible for mediating
vesicle fusion with the membrane to evoke exocytosis of
cellular transport vesicles. The SNARE proteins were pro-
posed to account for the specificity of membrane fusion, and
they are directly responsible for executing fusion by forming
a tight complex (the SNARE or core complex) to thereby
bring the synaptic vesicle and plasma membranes together.

The study [133] contributes to current understanding
concerning the early pathological changes affecting the par-
kinsonian brain by demonstrating that the expression of
truncated or full-length αSYN results in an age-dependent
redistribution of the SNARE proteins SNAP-25, syntaxin-1
and synaptobrevin-2 at synapses, based within the striatum.
This result was clinically verified in idiopathic and familial
PD (the A53T mutation in SNCA) case tissue, revealing that
SNARE proteins also accumulate in the striatum of human
patients.

The release of DA was monitored by microdialysis to
investigate whether the accumulation of αSYN and SNARE
proteins associates with synaptic failure. Results revealed
that basal levels of DA were reduced in transgenic mice
compared to controls in an age-dependent manner, indicat-
ing that progressive altered exocytosis and eventual synaptic
failure associate with increased SNARE redistribution
[133].

Although infrequently seen, PD-linked mutations in the
PINK1 gene associate with several molecular and cellular
deficits [135]. These include disrupted mitochondrial qual-
ity control and disposal [136], altered mitochondrial mor-
phology and reduced ATP production, whilst overexpressed
wild-type PINK1 served to promote mitochondrial loss
[102]. These mitochondrial anomalies associated with sig-
nificantly impaired DA release [137], contributing to the
motor deficits seen in patients harbouring this type of mu-
tation. Neuronal synaptic compartments are the site at which
demands placed on mitochondrial functions, such as for
energy supply and the buffering of intracellular Ca2+, are
especially significant [138]. PINK1-deficient drosophilae
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displayed severely affected synaptic physiology, revealed as
inadequate mobilization of the reserve pool of synaptic
vesicles [139]. This deficit was rescued by applying ATP
to the synapse. The study serves to corroborate the critical
importance of PINK1 for regulating energy homeostasis
under increased metabolic demand at neuronal sites (synap-
ses) that may be particularly vulnerable against the degen-
erative processes operating in neurodegenerative disease.

Mutations in the PARK7, alias DJ-1 gene, are the least
common of the known causes of autosomal recessive early
onset parkinsonism (∼1% of early onset PD), and it was first
identified as a PD-linked causative gene in a Dutch and
Italian family [140]. In particular, affected members of the
Dutch family carried a homozygous deletion of PARK7
exons 1–5, whilst Italian patients were homozygous carriers
of a missense mutation (L166P). Since then, various DJ-1
missense mutations in coding and promoter regions, frame-
shift and splice site mutations, as well as exonic deletions,
have also been reported to be present in some PD patients
[141–146]. However, other studies have been less optimistic
and have detected no or extremely low occurrence of DJ-1
mutations in the PD populations screened for [147–153].

Although predominantly being a cytosolic protein, DJ-1
has also been detected subcellularly in the mitochondria in
vitro [154, 155] and in vivo [155]. The distribution to
mitochondria seemingly increases under conditions of oxi-
dative stress when DJ-1 redistributes to the outer mitochon-
drial membranes [156, 157]. However, the conflicting
finding that endogenous DJ-1 associates with the intermem-
brane space and the matrix, but was absent from the mito-
chondrial membranes [155], emphasizes the need for
additional studies to clarify the association in terms of
location and function between DJ-1 and mitochondria in
health and disease. Exogenously applied DJ-1 has also been
found present in the cytosol, nucleus and microsomes [140,
154, 157, 158].

Cellular functions assigned to DJ-1 so far include serving
as a molecular chaperon [159] and a transcriptional regula-
tor [160–163], as well as protecting cells against oxidative
stress [157, 158]. It was demonstrated that endogenously
present DJ-1 locates to presynaptic terminals of striatal
axons and dendrites [164], revealing molecular interaction
with membranes in cultured cells [165]. This result suggests
for a functional role by endogenous DJ-1 in dopaminergic
neurotransmission. In this regard, the group showed through
the use of immunohistochemistry that DJ-1 localized, in
part, to the synaptic cytosol, vesicles and membranes which
comprise the synaptic terminals in the mouse brain. Further-
more, DJ-1 co-localized with synaptic vesicle proteins, in-
cluding synaptophysin and Rab3A, whilst, in living cells,
Förster resonance energy transfer (FRET) analysis revealed
that a fraction of DJ-1 interacts directly with synaptophysin.
The study revealed that DJ-1 demonstrated a similar

distribution pattern than Rab proteins which, in turn, form
part of a monomeric GTPase family. The study also revealed
that DJ-1 partly co-localizes with Rab3A at synaptic termi-
nals, a member of the Rab proteins, which play functional
roles in regulating aspects of membrane trafficking [166].
This finding, along with a previous report that DJ-1 knock-
out mice exhibited altered synaptic functions, including loss
of sensitivity to the inhibitory effects of D2 autoreceptor
stimulation [167], suggests for a potentially critical role by
DJ-1 for controlling vesicular trafficking during neurotrans-
mitter exocytosis, a process which involves sequential asso-
ciations between various synaptic proteins. Although the
precise participatory role that DJ-1 might fulfil in synaptic
vesicle transport and, ultimately, in regulating neurotrans-
mitter release remains to be ascertained through future ex-
perimental work, the authors of this paper postulated that
DJ-1’s molecular chaperone activity on synaptic vesicles
may serve to regulate vesicular fusion, a process central to
exocytosis. Taken together, the study’s confirmation of an
association between DJ-1, a mutation in the encoding gene
which associates with familial PD, and synaptic vesicles
contributes to understanding the pathological mechanisms
underlying PARK7-linked PD.

Proteins Affecting Chemical Synaptic Transmission
in PD

Following the release of neurotransmitter molecules into the
synaptic cleft, the molecule diffuses within microseconds
across the cleft to reversibly bind to and activate specific
receptors located to the postsynaptic cell membrane. Such
neurotransmitter–receptor site interactions cause specific ion
channels to open on the postsynaptic membrane, triggering
ionic fluxes which either depolarize or hyperpolarize the
membrane. Whereas excitatory synapses depolarize post-
synaptic membranes, inhibitory synapses hyperpolarize
them.

Work by Hummel and colleagues [168] contributed to
understanding the molecular mechanisms underlying synap-
tic transmission defects seen in PD patients harbouring
LRRK2 mutations, revealing that Drosophila LRRK2 phos-
phorylates and negatively regulates the function of the pro-
tein Futsch at the presynaptic level. This result is potentially
significant since the Futsch protein has previously been
shown to be fundamentally important for regulating axonal
and dendritic growth during embryogenesis and for synaptic
morphogenesis during larval neuromuscular junction devel-
opment [168, 169]. In addition, the work showed that the
previously characterized Drosophila LRRK substrate and
translational repressor 4E-BP [170] functionally interact
with LRRK2 postsynaptically [168]. Given the similarity
of the Drosophila neuromuscular junction synapse to
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mammalian excitatory glutamatergic synapses, the results
from the study by Hummel and colleagues [168] suggest
synaptic dysfunction to be a primary effect of LRKK2-
linked PD, and hence, holds clinical importance.

With symptoms indicative of severe parkinsonism only
presenting after at least a 90% depletion of striatal DA
levels, evidence has been sought for adaptive strategies
within this system, capable of maintaining function despite
extensive neuronal loss during the presymptomatic phase of
PD [171]. Processes postulated to contribute to this phe-
nomenon include increased DA synthesis and release from
remaining terminals, and reduced DA clearance from extra-
cellular fluid [172]. Compelling evidence in support of such
adaptive changes in DA synthesis and uptake was seen in rat
brains, lesioned by injecting the experimental neurotoxin 6-
hydroxydopamine (6-OHDA) [173–176]. In addition, in 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-treated
parkinsonian monkeys, the remaining corticostriatal and
thalamostriatal axo-spinous synapses were seen to undergo
complex ultrastructural remodelling, suggesting for in-
creased synaptic activity [177].

αSYN was shown to be specifically upregulated in a
discrete population of presynaptic terminals of songbirds
during a period of song acquisition [119], suggesting for a
role in synaptic plasticity. A modulatory role for αSYN in
brain plasticity was further emphasized by electron micro-
scopic studies revealing that NACP/αSYN associates with
the synaptic vesicles of the presynaptic terminals [104],
similar to that seen for synaptophysin [178]. However, the
inconsistent results obtained for the effects of αSYN in
terms of synaptic plasticity in health and in pathological
conditions such as PD call for more elaborate experiments
for investigating the complexity of the proteins involved in
regulating synaptic plasticity.

Dynamic pre- and postsynaptic adaptations operate within
the inhibitory GABAergic (expressing γ-aminobutyric acid)
medium spiny neurones (MSNs), which project towards the
striatum that serves as the main input nucleus of the basal
ganglia. This follows the significant loss of dendritic spines on
MSNs during PD, which results from striatal DA denervation.
The complexity of this arborization continues with the forma-
tion of glutamatergic synapses that form on spines that stud
the dendrites of MSNs [179]. This pyramidal neuron type
provides input from the cerebral cortex, carrying information
with regards to sensory and motor function and motivational
state; all of which integrate to guide the striatal control of
thought and movement [180].

By utilizing a culture model of the striatum, Tian and
colleagues [181] recently revealed a novel version of striatal
homeostatic plasticity, thereby providing the outline of a mo-
lecular mechanism for activity-dependent synaptic scaling, by
which activity may control synaptic strength [182]. The
authors reported a near 50% down-regulation of synaptic

connectivity for glutamatergic neurons in striatopallidal
MSNs, following sustained depolarization of co-cultures of
cerebral cortex and in a transgenic striatum model, which
mimics elevated activity. This result correlated with previous
findings obtained from using animal models of PD [183]. This
loss seemed dependent upon the participation of two proteins,
the Ca2+-dependent protein phosphatase calcineurin and myo-
cyte enhancer factor 2 (MEF2), in an upregulated state. This
result is interesting in light of previous studies which showed
that an upregulated level of MEF2 increased expression of
Nur77 and Arc; both of which are known for promoting down-
regulation of glutamatergic synapses [184]. It remains for
future work to enhance understanding of how participating
protein alterations in striatal MSNs contribute to PD sympto-
mology, with such insights that promise to significantly en-
hance therapeutic options available to PD patients.

Proteins for Synapse Formation, Assembly
and Structural Maintenance in PD

Additional functions required by neurons for effective syn-
aptic transmission include synapse formation and assembly
of specialized pre- and postsynaptic structures that allow for
coupling of synaptic vesicle fusion to sites of postsynaptic
receptor clustering. Moreover, to ensure effective synaptic
maintenance, it was suggested that axon and synapse loss
seen in neurodegenerative disease may be predisposed by
inefficient/interrupted delivery of maintenance materials
that originate from the cell body and are transported via
the axon to its distal ends [1].

A number of synaptic adhesion proteins were suggested to
function in synapse formation and assembly. In one study, it
was revealed that LRRK2 plays an important role in regulat-
ing synaptic morphogenesis through distinct substrate pro-
teins locating to presynaptic and postsynaptic compartments
[170]. On the presynaptic side, LRRK2 seemingly formed a
complex with tubulin and the microtubule-associated 1B
(MAP1B) homolog Futsch, with actin and microtubule cyto-
skeleton dynamics that play a crucial role in the formation of
the nervous system, by regulating fundamental processes such
as axonal guidance and synaptogenesis.

In other work, Imai and colleagues [185] investigated
how altered LRRK2 kinase activity affects synapse structure
and function, eventually resulting in neurodegeneration. The
study made use of immunohistochemical and neurochemical
analysis to reveal that endogenous expression of a single
orthologue of human LRRK2 is ubiquitously expressed in
the Drosophila brain. Double labelling further showed that
it is expressed in DA neurons. The immunohistochemical
approach revealed that Drosophila LRRK transgenic flies
expressing either wild-type or mutant Drosophila LRRK
proteins carrying point mutations found in human PD
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patients localized to vesicular structures that co-stain with
endosomal markers whilst partially overlapping with synap-
tic vesicle markers. The investigators found functional
changes in the transgenic flies expressing mutant Drosoph-
ila LRRK2, showing significantly reduced levels of brain
DA levels, when compared to wild-type or control flies. In
contrast, DA content was elevated in LRRK2 knock-out
flies. The study investigated whether this physiological
change was due to a LRRK2-based regulatory mechanism,
resulting in differential maintenance of dopaminergic neu-
rons. Analysis of young (10-day-old) flies revealed no dif-
ference in dopaminergic neuron numbers compared to
normal controls. However, a significant reduction in the
number of dopaminergic neurons was detected in the brains
of aged (60-day-old) flies expressing pathogenic LRRK2.
Other findings emerging from this work include that expres-
sion of a kinase-dead form (3KD) of Drosophila LRRK or
wild-type Drosophila LRRK exerted no significant effect on
DA neuron number and that both young and aged LRRK
knock-out flies retained healthy dopaminergic neurons.
These results, taken together, led the authors to suggest that
LRRK2’s negative regulation of DA content is likely to be
due to changes in DA storage or metabolism.

Gillardon [186] revealed that recombinant human
LRRK2 preferentially binds and then phosphorylates bovine
brain derived tubulin-beta. The phosphorylation effect was
shown to be enhanced three-fold when LRRK2 contained
the G2019S mutation. LRRK2 harbouring this mutation has
repeatedly been shown to associate with enhanced kinase
activity, which could, in turn, mediate degeneration of trans-
fected neurons in vitro [187–189]. The study also made use
of tandem mass spectrometry to identify Thr107 as com-
prising the phosphorylation site, which was shown to be
highly conserved between tubulin-beta family members and
those belonging to different family members. Of interest
was the finding that in vitro co-incubation of bovine brain
tubulins with LRRK2 increased microtubule stability in the
presence of microtubule-associated proteins, which may
explain the reduction in neurite length in LRRK2-deficient
cultured neurons. Taken together, these findings suggest that
LRRK2(G2019S)-induced neurodegeneration in parkinso-
nian brains may, at least in part, be mediated by enhanced
tubulin phosphorylation in the presence of microtubule-
associated proteins. One such protein is Tau, which did not
appear to be directly phosphorylated by LRRK2 in vitro in
this study [186]. However, previous work showed that in-
creased Tau phosphorylation and aggregation is present in
LRRK2 overexpressing neurons and in brain autopsy sam-
ples taken from LRRK2 mutation carriers [190]. This sug-
gests that alterations in the phosphorylation levels of
neuron-specific Tau might indicate for LRRK2 dysregula-
tion affecting cytoskeletal structure, which may contribute
to decreased neurite outgrowth.

In other work, Gillardon [191] provided insights into the
regulators/effectors that might contribute to the pathophys-
iological functions of LRRK2. Specifically, the study
showed that human LRRK2 interacts with elongation factor
1-alpha (EF1A) in vivo. The PD-linked LRRK2(G2019S)
mutation did not affect the binding of EF1A. The study’s
findings further suggest that interaction between LRRK2
and EF1A may reciprocally modulate their physiological
function. In this regard, co-incubation with recombinant
EF1A significantly reduced the kinase activity of LRRK2.

Since LRRK2 localizes to microtubules, but not to the
actin cytoskeleton within cells [187, 192], whilst EFiA was
previously shown to promote in vitro stabilization/bundling
[193], the study also explored the effects of an EF1A–
LRRK2 interaction in microtubule dynamics [191]. Results
showed that EF1A promoted microtubule cytoskeleton as-
sembly, which, conversely, was impaired in the presence of
LRRK2. It remains for further work to establish whether a
disturbance of EF1A-mediated cytoskeletal stability by
LRRK2 might ultimately contribute to the accumulation of
tubulin and EF1A within intraneuronal LBs, the pathologi-
cal hallmark of PD.

Understanding the mechanisms underlying non-somatic de-
generation has received a major breakthrough from the numer-
ous studies that have taken advantage of the slow Wallerian
degeneration (Wlds) mutation, which selectively protects syn-
apses and axons against a wide variety of disease-related
degeneration-inducing stimuli [194, 195]. Wishart and col-
leagues performed a differential proteomics analysis of synap-
tic proteins inWlds and wild-type mice [196]. For this, isolated
nerve terminals (synaptosomes) were extracted from the stria-
tum, a brain region that undergoes substantial degeneration
during progressive PD. Sixteen proteins were identified whose
expression levels were significantly altered in Wlds synapses,
compared to those in age- and sex-matched wild-type controls.
Prominent changes in level of expression were detected in
eight proteins, including VDAC1, Aralar1 and mitofilin,
known to localize to mitochondria, suggesting that altered
mitochondria-related responses to neurodegenerative stimuli
may be critically important in theWlds neuroprotective pheno-
type. Synaptic terminals have an exceedingly high demand for
energy and calcium homeostasis, which are fulfilled by having
evolved specialized mechanisms. To fulfil the requirement at
the synapses, stationary mitochondria are in place to serve as
local energy production plants that produce ATP. Additionally,
axonal mitochondria maintain local Ca2+ homeostasis at pre-
synaptic boutons.

Additional, non-mitochondrial proteins that showed al-
tered expression levels included the ubiquitin-activating
enzyme UBE1 and DRP-2, providing experimental support
that the ubiquitin–proteasome pathway and NAD-associated
pathways may be required to elicit the full Wlds phenotype.
In essence, since Wlds was seen to ameliorate axonopathy in
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models of various neurodegenerative conditions, including
PD [145], the study by Wishart and colleagues [196] served
to identify several proteins to target therapeutically, in human,
neurodegenerative disease.

Concluding Remarks

In general, studies converge to emphasize the central impor-
tance of synapse loss in neurodegeneration and the central
role that certain synaptic proteins fulfil in the neuropathol-
ogy of neurodegenerative diseases. However, several issues
remain to be elucidated, i.e. whether synapse loss precedes
or follows neuron cell death. Despite accumulating evidence
to conclusively suggest the former, with synapse loss having
been observed to precede neuron loss in early AD [197],
further experimental work is called for to establish whether
this phenomenon is also present in PD and in other neuro-
degenerative diseases to elucidate potential common mech-
anisms relevant to synaptic loss and neurodegeneration.

A related issue for experimental exploration is to estab-
lish the relationship of the function of particular synaptic
proteins to synapse loss or neuronal loss, i.e. does dysfunc-
tion of synaptic proteins lead to synapse loss or neuron cell
death? Further issues remaining to be resolved relate to the
processing of such identified synaptic proteins during syn-
aptic plasticity or synapse loss and their normal function in
the synapse, whilst ultimately understanding such processes
might offer a new paradigm for understanding and ulti-
mately treating PD.
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