Review Article

https://doi.org/10.5213/inj.1836216.108
PISSN 2093-4777 - eISSN 2093-6931

Int Neurourol ] 2018;22 Suppl 3:5115-121

INTERNATIONAL NEUROUROLOGY JOURNAL

21NJ

Presynaptic Dysfunction by Familial Factors in Parkinson Disease

Wongyoung Lee', Soulmee Koh', Soondo Hwang’, Sung Hyun Kim®

'Department of Neuroscience, Graduate School, Kyung Hee University, Seoul, Korea
*Department of Physiology, School of Medicine, Kyung Hee University, Seoul, Korea

Parkinson disease.

Parkinson disease (PD) is the second most prevalent neurodegenerative disorder after Alzheimer disease. The loss of specific
brain area, the substantia nigra pars compacta is known as a major etiology, however it is not fully understood how this neu-
rodegeneration is initiated and what precisely causes this disease. As one aspect of pathophysiology for PD, synaptic dysfunc-
tion (synaptopathy) is thought to be an earlier appearance for neurodegeneration. In addition, some of the familial factors cu-
mulatively exhibit that these factors such as a-synuclein, leucine-rich repeat kinase 2, parkin, PTEN-induced kinase 1, and
DJ-1 are involved in the regulation of synaptic function and missense mutants of familial factors found in PD-patient show
dysregulation of synaptic functions. In this review, we have discussed the physiological function of these genetic factors in pre-
synaptic terminal and how dysregulation of presynaptic function by genetic factors might be related to the pathogenesis of
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INTRODUCTION

Parkinson disease (PD) is the second most common neurode-
generative disorder after Alzheimer disease (AD). Its” etiology
is characterized by progressive decay of dopaminergic neurons
in the substantia nigra pars compacta that cause depletion of
dopamine in the brain and also the appearance of cytosolic ag-
gregation known as Lewy bodies which are composed of
a-synuclein, however the pathogenesis of PD still remains to be
fully understood. Genetic researches for more than 2 decades
in PD have allowed identifying about 2 dozen monogenic
forms of genetic factors to develop PD such as SNCA, parkin,
PINK1, LRRK2, and DJ-1 [1-7]. Furthermore, continuously
these lists of PD-related genes are growing which might be able

to provide a valuable mechanism of pathogenesis of the PD.
Synapse is a fundamental unit for neural communication,
which is composed of pre- and postsynapse. In the aspect of the
presynaptic terminal, it is essential for synaptic transmission
upon neural activity. When action potential arrived at nerve
terminal, voltage-gated Ca** channels are opened and subse-
quently, Ca* influx occurs into the cytosol of synapse. Synaptic
vesicles which contain neurotransmitter in the lumen and vari-
ous proteins in the synaptic vesicle membrane including a Ca**
sensor (synaptotagmin I) and vesicle fusion machinery
(SNARE complex) are localized in release area near to voltage-
gated Ca’* channels. After sensing Ca*', consequently, neu-
rotransmitter is released in release area (active zone) by fusion
of synaptic vesicle. During this process in the millisecond scale,
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postsynaptic area is ready to take a neurotransmitter signal with
various receptors. Many receptors are localized at the surface
membrane to take their appropriated ligand (e.g., N-methyl-D-
aspartate receptor, alpha-amino-3-hydroxy-5-methyl-4-isoxa-
zolepropionic acid receptor, metabotropic glutamate receptor,
gamma-aminobutyric acid receptor). In accordance with this
process, neuronal information collectively flows with efficient
for a proper function of brain. Likewise, as a basic communica-
tion unit in the brain, presynaptic physiology is essential for
initiation of communication and it is responsible for most up-
stream part of neural information flow. Regarding neural dis-
ease initiation, structural and functional dysregulation of syn-
apse is one of the major causative factors for various neural dis-
eases. Particularly, synaptic dysfunction is thought to be an ear-
lier point for disorder [8,9], and neurodegenerative disorder
such as PD is also thought to be synaptic dysfunction is the
very early symptom. For example, exocytosis impairment of
synaptic vesicle indicates the initial defects of progression for
PD [10-12]. Interestingly, major prevalent familial factors of PD
are mostly involved in presynaptic functions. Some of the PD-
related proteins are dominantly localized at nerve terminals and
associate with synaptic vesicle at nerve terminals, by doing so it
modulates synaptic vesicle behavior such vesicle fusion and
vesicle recycling [10,13]. Another group of genetic factors
which have an enzymatic activity has many substrates among
presynaptic proteins [14,15], implying that many genetic factors
are related to the regulation of presynaptic function.

Since neural information flow is triggered in the presynaptic
terminal by secretion of neurotransmitter, this review mainly dis-
cusses some of core genetic factors’ function in presynaptic ter-
minals. How these familial factors control functional and struc-
tural aspect of presynaptic terminals such as release probability,
synaptic vesicle recycling, synaptic vesicle size and functional
synaptic vesicle pool mobility, and also a functional interaction of
presynaptic subcellular organelle with synaptic regulation.

ALPHA-SYNUCLEIN IN PRESYNAPTIC TERMINAL

a-synuclein, a 15-kDa protein, is highly enriched in presynaptic
terminals. Although it is still not much known what is the general
function of a-synuclein at synapses, it has been related to synaptic
vesicle trafficking and its dynamics because it associates with syn-
aptic vesicles [16,17]. In the aspect of synaptic transmission, sev-
eral studies have reported that a-synuclein controls neurotrans-
mitter release in nerve terminals. The level of a-synuclein affects
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the efficacy of synaptic transmission, for example when the
amount of a-synuclein is increased by exogenously expressing
a-synuclein, synaptic transmission is decreased [10,18-20] and
vesicle priming for ready to release is suppressed by a-synuclein
overexpression in PC12 and chromaffin cells [21]. Alpha-synu-
clein specifically inhibits vesicle docking by binding acidic lipid-
containing membranes [22]. By association with trafficking pro-
tein, Rab small GTPase, synaptic vesicle pool size is modulated
[23]. For the positive influence of synaptic transmission, vesicle
fusion pore formation is enhanced by a-synuclein [24]. A patho-
genic mutant of a-synuclein also alters synaptic function. Expres-
sion of the pathogenic mutant form of a-synuclein, A53T in the
calyx of Held synapse impairs synaptic transmission [25]. In the
aspect of synaptic retrieval, a-synuclein is highly involved in syn-
aptic vesicle endocytosis. First, a-synuclein is required for the fast
kinetics of synaptic vesicle endocytosis [13] and induce clathrin-
mediated synaptic vesicle endocytosis [26]. Furthermore, the level
of a-synuclein expression impairs synaptic vesicle reclustering af-
ter endocytosis [10], and acute treatment of human recombinant
a-synuclein leads to impairment of synaptic vesicle endocytosis,
and subsequently affects to synaptic transmission [27]. Interest-
ingly Pathogenic mutant form of a-synuclein A53T but not A30P
is involved in synaptic vesicle endocytosis [25,27]. The expression
of A53T a-synuclein mutant in the genetically manipulated calyx
of Held terminals impairs fast and slow endocytosis of synaptic
vesicle and alters replenishment of readily releasable pool as well.
Consistently, exogenous treatment of human recombinant
a-synuclein mutant A53T impairs synaptic vesicle endocytosis at
the immature calyx of Held terminals [27].

Structurally, a-synuclein also participates in presynaptic archi-
tecture [28]. Presynaptic terminal has a complex structure with
synaptic vesicle and subcellular organelles. In general, nerve ter-
minal of central nervous system neuron (e.g., a hippocampal py-
ramidal neuron) contains about 100-200 synaptic vesicles with
—40 nm diameter of the mean [29]. Since a-synuclein associates
with synaptic vesicle, in the absence of a-synuclein, the size of
presynaptic terminal is collectively decreased. In addition, with
pathogenic mutant A30P a-synuclein expression, synaptic vesicle
distribution is severely altered in the proximal area of synaptic
terminals.

Accordingly, a-synuclein is deeply involved in presynaptic
functions by means of synaptic transmission and synaptic re-
trieval. Pathogenic mutant, A53T, has a structural and func-
tional influence for the presynaptic terminal, and it is likely that
a-synuclein is a proper target in synaptic pathogenesis for PD.
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LRRK2 IN PRESYNAPTIC TERMINAL

Leucine-rich repeat kinase2 (LRRK?2) is a large protein (286
kDa) that has multiple domains including, GTPase, Kinase, and
several protein-protein interaction domains. Several missense
point mutations of LRRK?2 are identified and it is thought to be
a major causative genetic factor of PD not only familial but also
sporadic PD. However, it is still elusive what the normal func-
tion of LRRK2 is and how LRRK2’s mutations cause neurode-
generation. In the aspect of synaptic function, many of synaptic
proteins are substrates for LRRK2, implying that it might impli-
cate in synaptic function and its’ pathogenic mutants might dys-
regulate synaptic function. One of the most prevalent mutants,
G2019S LRRK?2, enhanced kinase activity form, is implicated in
synaptic transmission. G2019S knock-in mice reveal that gluta-
mate and dopamine neurotransmission is gradually decline in
the course of aging [30]. Striatal spiny projection neurons in
G2019S Knock-in mouse decrease excitatory postsynaptic cur-
rent amplitude [31], and also it impairs synaptic plasticity [32].
However, some reports show a reverse phenotype that G2019S
knock-in neurons exhibit the potentiation of synaptic transmis-
sion [33]. This conflict probably comes from a different method
with no considerable age status. Another missense mutant,
R1441C, also reveals similar synaptic defect. R1441C Knock-in
mice initially show no dopaminergic neurodegeneration, how-
ever, after 2 years, dopamine D2 receptor function is altered
with decreased locomotor activity implying that dopamine
transmission and D2 receptor function are impaired [34].

In addition to regulation of synaptic transmission, LRRK2
has also an important function in synaptic retrieval process at
presynaptic terminal, which is essential for maintenance of pre-
synaptic functionality. The interaction of LRRK2 with Rab5
identified by yeast 2-hybrid screening modulates synaptic vesi-
cle endocytosis by the cooperating process [35]. The ablation of
LRRK2 impairs synaptic vesicle endocytosis in striatal neurons
and synaptic vesicle number is significantly decreased [36,37]
and neurons in ventral tegmentum area, mainly composed of
dopaminergic neurons, are also impaired in synaptic vesicle en-
docytosis [38]. Furthermore, LRRK2 phosphorylates several
endocytic proteins. Endophilin, one of the major endocytic
proteins, is recently identified as a substrate for LRRK2 kinase.
LRRK2 implicates in synaptic vesicle endocytosis by phosphor-
ylating endophilin S75, which induces endophilin-mediated
membrane association and tubulation, and LRRK2 G2019S ex-
pression exhibits a reduction of synaptic vesicle endocytosis
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[14,15]. In addition, phosphor-regulation of endophilin by
LRRK2 provides a station for macroautophagy at presynaptic
terminals [39,40]. It will be next question that how dysregula-
tion of endocytosis by LRRK2 G2019S connect to the patho-
genesis of PD and what other missense mutants of LRRK2s do
affect in synaptic vesicle endocytosis.

PARKIN IN PRESYNAPTIC TERMINAL

Parkin is an E3 ubiquitin ligase that expressed in brain and vari-
ous tissues. As a ubiquitin ligase enzyme, it has a number of
substrates and is involved in various biological functions such
as mitochondria stability, transcriptional regulation. Parkin also
regulates a variety of cellular process and physiology, however
precise function of parkin is still elusive. In the nervous system,
parkin has been known that mutation of parkin gene is one of
the causative factors for early-onset PD. As cumulating reports
indicate that synaptic dysfunction by parkin might be related to
the early symptom of pathogenesis for PD. Some synaptic pro-
teins interact with parkin such as CDCrel-1, synaptotagmin.
CDCrel-1-degradation induction by parkin affects synaptic
dysfunction, which induces a decrease of synaptic transmission
[41]. Without parkin protein, synaptic transmission is also im-
paired. Parkin knockout mice reveal that evoked dopamine
transmission is reduced [42] as well as decrease glutamate
transmission by impairing AMPAR endocytosis [43]. However,
interestingly it has reported that spontaneous release of dopa-
mine is reversely increased in parkin knockout mice [42]. Do-
paminergic neurons derived from patient-based human-in-
duced pluripotent stem cell exhibit that spontaneous release of
dopamine is also increased [44], implying that the patient has
somehow dominant negative parkin form. In the aspect of syn-
aptic retrieval with parkin, no direct evidence is reported by far.
However, interestingly, endophilin, one of the key proteins for
endocytosis, knock out brain shows highly upregulation of par-
kin expression [45], implying that it might be also implicated in
synaptic vesicle endocytosis. It will be next target whether par-
kin implicates in the synaptic retrieval process.

PINK1 IN PRESYNAPTIC TERMINAL

PTEN-induced kinase 1, PINK1, is a mitochondrial serine/
threonine-protein kinase. It has been known that it controls mi-
tochondria stability. By interacting with parkin, PINK1 regulates
parkin activity and consequently modulates mitophagy. It is also
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known, mutation of PINKI is a causative factor for early-onset
familial PD. Striatal neurons in PINK1 knockout mice is altered
electrical activities, and subsequent investigation for synaptic
function reveals that dopaminergic neurons in PINK1 knockout
mice display abnormal development and it leads to dysfunction
of dopamine release which might be related to an early patho-
genic mechanism of PD by PINK1 [46]. And PINK1 null mice
also show that the expression of DA receptors is unchanged but
evoked dopamine release and its quantal size are decreased [47].
However on the contrary enhanced excitatory transmission in
PINK1 knockout neurons is also observed. Hippocampal neu-
rons without PINK1 increase spontaneous glutamate release [48].
It is noted that PINK1 is implicated in synaptic function with
variability upon neuron type and their activities (evoked and
spontaneous). PINK1 is also an important mediator between
mitochondria and presynaptic function. In the treatment of low-
dose chronic rotenone, mitochondria functional inhibitor, in
PINK1 deleted neurons significantly impact synaptic plasticity
[49] and PINK1 mutant mice and fly exhibit defect of mitochon-
dria complex I, which subsequently cause loss of dynamics of
synaptic vesicle during rapid activity, and it is restored when ad-
ditional ATP is supplied [50]. In the aspect of synaptic vesicle re-
cycling, no related study is reported, implying that PINK1 may
not be related to synaptic vesicle endocytosis.

DJ-1 IN PRESYNAPTIC TERMINAL

DJ-1 also known as park?7 is small a 20-kDa protein. It is widely
expressed in neuron and nonneuronal cells. It is known as a cel-
lular sensor for oxidative stress and a redox-mediated chaperone,
however precise function of DJ-1 still needs to be understood.
Missense mutations of DJ-1 are one of the causative factors for
familial PD. The role of DJ-1 in synapse has been studied. It has
reported that DJ-1 associated with synaptic membrane, and lo-
calized in presynaptic terminals [51,52]. DJ-1 interacts with
monoamine transporter (vVMAT?2) and controls the activity of
VMAT?2 which might consequently connect to the regulation of
synaptic function [53]. It also modulates synaptic plasticity in
hippocampal CA1 synapses [54]. In the aspect of synaptic vesicle
trafficking, synaptic vesicle endocytosis is defected in DJ-1 ablat-
ed neurons. The rate of endocytic time constant is about two
times slower than one of WT and it eventually affects in a de-
crease of neurotransmission during repetitive neural activities
[52].
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OTHERS IN PRESYNAPTIC TERMINAL

As a genemic sequencing technology is rapidly developing, re-
cently new familial factors of PD have been being more identi-
fied. Based on genome-wide association study (GWAS) from PD
patients, several new PARKINs members have been identified.
The Sacl domain mutation in synaptojaninl is identified in ear-
ly-onset progressive Parkinsonism along with seizure in Italian
families [55,56]. This identification is continuously following in
Indian family [57], although no mutation found in Taiwanese
tamily [58]. Synaptojaninl, a lipid phosphatase, is known as one
of key endocytic protein, which is responsible for synaptic vesicle
endocytosis and reavailability by providing uncoating process of
coated vesicle. Rescue with this missense mutation of synapto-
janinl impairs synaptic vesicle endocytosis and axonal structural
change [59], implying presynaptic dysfunction by synaptojaninl
also is implicated in the pathogenic process of disease.

Another factor recently identified with several point muta-
tions is transmembrane protein 230 or TMEM230. With
GWAS and several sequencing analysis from North American
families and Chinese cohort, 4 different mutations were identi-
fied [60]. It localizes subcellular organelle and secretory vesicles
[61]. Because of this specific localization, it might be involved
in vesicle trafficking. However, it still remains to be explored.
Interestingly following up sequencing analysis from other vari-
ous ethnic populations (e.g., Taiwanese, Han Chinese, and Japa-
nese) reveal that significant evidence of mutation in TMEM230
has not been identified. Collectively, more study and analysis
will be needed to address PD-relation of this gene.

Endophilin is not the PD related protein, however many of
studies show that some PD-related factors functionally and ge-
netically interact with endophilin such as LRRK2 and parkin.
Although no direct evidence is reported regarding endophilin
and PD, it might be indirectly associate with PD process.

CONCLUSIONS

PD is the second largest neurodegenerative disease with fast
growth. Although the pathogenesis of PD is still not precisely
understood, specific part of the brain (substantia nigra par com-
pacta) degeneration and Lewy body accumulation with un-
known reason are reported. In addition, recently many genetic
mutations were identified from PD patients. Recently cumulat-
ing studies reveal that familial factors of PD such as a-synuclein,
LRRK?2, Parkin, PINK1, DJ-1, and others are implicated in syn-
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Fig. 1. Schematic display of familial factors of Parkinson disease
(PD) in presynaptic terminal. The familial factors of PD,
a-synuclein, leucine-rich repeat kinase 2 (LRRK2), parkin,
PTEN-induced kinase 1 (PINK1), and DJ-1 are localized at pre-
synaptic terminal. Alpha-synuclein, parkin (PK), and PINKI
(PA) regulate synaptic transmission. Alpha-synuclein, LRRK2
(L), and DJ-1 participate in synaptic vesicle endocytosis.

aptic physiology and mutants’ form of these factors result in
dysregulation of synaptic physiology (Fig. 1). Alpha-synuclein
modulates synaptic transmission and synaptic vesicle retrieval.
LRRK2 phosphorylates endocytic proteins and synaptic pro-
teins. By doing so, it controls presynaptic terminal physiology
including synaptic vesicle trafficking. Parkin and PINK1 also
modulate synaptic plasticity along with mitochondria integrity.
DJ-1 participates in synaptic vesicle endocytosis and reavailabil-
ity. Synaptojaninl, TMEM230 have just joined as a PD-related
factor although more study is needed. These synaptic dysfunc-
tions are not a terminal symptom but the very early process of
neural diseases. Therefore more details of understanding how
these factors alter presynaptic physiology will give an under-
standing of early pathogenesis and appropriate strategy for find-
ing a therapeutic target for early intervention of PD.
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