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Abstract
Lysosomal transport of cargos in neurons is essential for neuronal proteostasis, trans-
mission and functional motors and behaviours. Lysosomal malfunction including stor-
age disorders is involved in the pathogenesis of Parkinson’s disease (PD). Given the 
unclear molecular mechanisms of diverse defects in PD phenotypes, especially behav-
ioural deficits, this mini review explores the cellular contexts of PD impulse control 
disorders and the molecular aspects of lysosomal cross- membrane transports. Focuses 
are paid to trace metal involvements in α- synuclein assembly in Lewy bodies, the func-
tions and molecular interactions of ATP13A2 as ATPase transporters in lysosomal 
membranes for cross- membrane trafficking and lysosomal homeostasis, and our cur-
rent understandings of the neural circuits in ICD. Erroneously polarized distributions 
of cargos such as metals and lipids on each side of lysosomal membranes triggered by 
gene mutations and deregulated expression of ATP13A2 may thus instigate sensing 
protein structural changes such as aggregations, organelle degeneration, and specific 
neuronal ageing and death in Parkinsonism.
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1  | INTRODUCTION

Parkinson’s disease (PD) characteristic of movement disorders (resting 
tremor, rigidity, bradykinesia or gait disorders) is a common degenera-
tive disease of the nervous system following the senile dementia caused 
by chronic lesion of the central nervous system (CNS). Numerous stud-
ies have shown that the pathological basis of PD is  related to dopamine 
(DA) neuronal degenerative injury in midbrain substantia nigra (SN). 
The progressive neurodegeneration of specific brain regions has been 
shown to be associated with eosinophilic inclusions (Lewy bodies) in 
the neurons, resulting in reduced levels of DA in the striatum, loss of 
neuronal function, degeneration and death. Although dopaminergic 
neurotransmitter therapy can cause partial remission, it can also cause 
side effects including behavioural abnormalities.1,2

Parkinson’s disease patients present the symptoms of behavioural 
disorder that include excessive eating, frequent sexual activity and 
other compulsive actions, characteristic of involuntary impulse 

control disorders that are clinically known as the impulse control dis-
order (ICD).2-4 Although its pathogenesis is unknown, ICD has been 
reported to be a common behavioural disorder accounting for 3% of 
adults usually in the youth stage5 and 25%- 50% in PD patients.6-8 
Clinical diagnosis of ICD depends on interrogation assessment, and 
apparently there is no effective treatment.6-8 Understanding of the 
pathological changes of PD and ICD involves clarification of the con-
currences of abnormal behaviour and movement mediated by con-
vergent interactions between genetic and environmental factors on 
specified neurotransmitter circuits of particular brain regions.

2  | THE CHARACTERISTICS OF PD ICD

Impulsive control of behaviour is an important mechanism in the regu-
lation of human and animal physiological behaviours, and is the result 
of the survival and evolution of social animals. For centuries, people 
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have been puzzled of the abnormal behaviours of impulsive control.5 
Although common in young people, excessive impulse also occurs 
in adulthood and even lasts for a lifetime as ICD syndrome.6-8 The 
spectrums of ICD include more mating behaviour, more eating, hair 
pulling disorder (trichotillomania, TTM), nail biting (onychophagia) and 
skin picking disorder (dermatillomania).3,9-15 Whereas the predomi-
nant symptoms in males appear to be hypersexuality,8,9,16-20 female 
patients commonly show TTM, nail biting and or skin picking.21-25 
Intriguingly, PD patients with ICD are usually young having familial 
PD, neuropsychiatric disorders or gambling history,3 and can have two 
or more ICD symptoms coexisting.19,20,26

The genetic and molecular features of PD ICD are unknown. 
Studies suggest that ICD pathogenesis is related to a dysfunction 
of the neural circuits involving the prefrontal cortex (or orbital front 
cortex, OFC) and the striatum. Neural imaging studies of PD patients 
showed  ventral OFC dysfunctions2,27-29 with attenuated activity of 
OFC in a top- down control pathway.30 In addition, the striatal ventral 
limbic system  appears hyperactivity leading to hyper- impulsive sig-
nals.31 Measuring neurotransmissions suggests that in the OFC, de-
creased serotonin (5- HT) results in weakened inhibition over impulses 
for incentives.32,33 The repression known as reversal learning is an 
essential mechanism of behavioural flexibility, which depends on the 
integrity of the  OFC- striatal circuit. The selective serotonin  reuptake 
inhibitor (SSRI) fluoxetine inhibition of 5- HT synaptic reuptake has 
been demonstrated to increase reverse learning and relieve ICD 
symptoms.27,32-36

A major issue in the use of dopamine to treat PD is a resultant 
increase in ICD, suggesting that increased DA receptor activity in 
the brain limbic system is associated with ICD.1,26 Some studies have 
shown that D3 receptor activity is involved in mediating ICD,37 al-
though others suggest that it requires further study to confirm.38,39 
In addition, increased glutamate may be involved in connecting amyg-
dale, hypothalamus, cingulate gyrus and OFC to promote hypersexu-
ality,40-42 repeated hair pulling43,44 and anxiety.45 Thus, the regulation 
by 5- HT receptors activity in the OFC of dopamine and/or glutamate 
activities in the ventral striatum and cingulate regions may be a part 
of the mechanism of impulse regulation over reward- entrancing 
behaviours.

3  | LEWY BODIES,  α-  SYNUCLEIN AND 
CU2+

Neural degeneration selectively occurs to certain populations of neu-
rons e.g. in the midbrain regions or OFC, and is accountable for the 
diversity of PD pathology including that of ICD. These neurons are 
particularly sensitive to intracellular toxic environments of aberrant ac-
cumulations of denatured macromolecules, as undertaking premature 
aging. Lewy bodies represent such intracellular toxic macromolecu-
lar aggregates of α- synuclein as a fundamental molecular pathology 
of PD.46,47 Being a cytoplasmic soluble protein of about 14 kDa in 
healthy neurons in the CNS, α- synuclein functions predominantly in 
neuronal synapses under physiological conditions.46,47 Although the 

full gamut of α- synuclein physiological functions remains to be eluci-
dated, studies indicate that α- synuclein promotes the interactions be-
tween synaptic membrane proteins and SNARE complexes mediating 
the formation of synaptic vesicles of neurotransmitters, by assuming 
unfixed monomeric structures in the nerve terminals.48,49 In addition, 
α- synuclein may also promote50 and maintain the lipid bilayer struc-
ture,51,52 and cause lipid membrane remodelling under different con-
ditions.53-55 In familial PD, however, α- synuclein is  mutated, become 
aggregated and deposited,56,57 and involved as a chief component in 
forming Lewy bodies.58,59Thus, α- synuclein forms an insoluble  fibrous 
structure in PD with Lewy body dementia and multiple systemic 
sclerosis.60,61

How α- synuclein is assembled from soluble monomers in physio-
logical status into fibrous structures of Lewy bodies under the patho-
logical conditions remains elusive. Recent studies have demonstrated 
that acetylation of α- synuclein at the amino terminus results in a com-
pact structure, preventing the non- β- amyloid aggregation domains 
from being exposure and thus precluding spontaneous aggregation.62 
When α- synuclein forms an insoluble fibrous structure, there are 
 mutually overlapping β- sheets with a hydrophobic core and diverse 
complex configurations in its amyloid structure.60 Each of these com-
plexes consists of an intermolecular metal ion bridge, glutamine- bound 
ladders, and zipper- like structures to stabilize a predominantly β- sheet 
composed structure of orthorhombic Greek pattern.60

The metal ion bridge in this complex is of particular interest 
given the elevated levels of copper (Cu2+) and manganese (Mn2+) in 
PD settings. It has been demonstrated that Cu2+ binds directly to the 
amino terminus of α- synuclein, in which the His- 50 amino acid res-
idue is required as an anchoring position for Cu2+.63 In addition, the 
acidic carboxyl terminal region of α- synuclein64,65 appears involved 
in α- synuclein oxidation and oligomer formation and in mediating a 
weakly bound second cation of Cu2+.63 Furthermore, the amino ter-
minal acetylation of the His- 50 residue or H50Q mutation has been 
shown to inhibit α- synuclein binding to Cu2+.66 Together these findings 
suggest that Cu2+ binding to α- synuclein mediates α- synuclein polym-
erization by forming intermolecular metal ion bridges.60,63,66-68

4  | THE ROLE OF MANGANESE (MN 2+)

The trace metal Mn2+ is essential for 50%- 70% of the enzymes in the 
body, including its participation in activation of glutamate synthase, 
arginase and manganese super (MnSOD or SOD2).69,70 While this diva-
lent cation metal is mainly distributed in the lysosome, Mn2+ is also at 
considerable levels in mitochondria, necessary for a variety of enzymes’ 
activities.71,72 Notably Mn2+ is a co- enzyme for mitochondrial type II 
superoxide dismutase (SOD2) activity, its distribution and metabolism 
must be strictly regulated, and deregulation of Mn2+ homeostasis can 
lead to the occurrence of various disease conditions.73

Excessive Mn2+ produces neurotoxicity in dopaminergic animal 
models and in cell cultures exposed to exogenous Mn2+.74-76 Chronic 
accumulation of excessive Mn2+ in the brain leads to irreversible neu-
ropathy assembling PD.77 By contrast, Mn2+ deficiency also causes 
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abnormal responses in the nervous system and animal behaviour, 
as well as abnormalities in bone development and other biochemi-
cal reactions.78,79 Studies have confirmed that manganese ion is not 
only one of the pathogenic factors of PD,80 but also involved in trig-
gering degeneration in various nervous systems.77 Recently, it has 
been shown that Mn2+ binds to α- synuclein and that expression of 
α- synuclein affects intracellular Mn2+ storage,81 however increases in 
Mn2+ promote the aggregation of α- synuclein.82,83 Thus, α- synuclein 
may serve not only as an effector of trace metals but also as a sensor 
for changes in Mn2+ concentrations, reflecting an important molecu-
lar interaction between α- synuclein and Mn2+ in PD pathophysiology. 
Mn2+ availability may therefore be critical to α- synuclein and excess 
Mn2+ may trigger α- synuclein insolubility (Figure 1).

5  | LYSOSOMAL HANDLING OF TRACE 
METALS AND LIPIDS

High intracellular Mn2+ content, which induces neuronal toxicity, may 
be caused by excessive entry into the cell by endocytosis, or reduced 
removal transport by exocytosis and vesicle recirculation. As the main 
storage of Mn2+ and center of intra-  and extra- cellular transports, lys-
osomes are membranous organelles of 0.1 to 1.2 microns that play a 
key role in quality control of the cytoplasmic and organelle environ-
mental homeostasis. Lysosomes regulate cellular micro- environmental 
homeostasis by trans- lysosomal membrane transports and fusion with 
other subcellular structures. Interestingly, while Mn2+ entry into and 
exit out of lysosomes require cross- membrane transport machineries, 
lysosomal Mn2+ is exported out of cells with vesicular fusions with 

plasma membrane, and while lysosomal Mn2+ is transported into the 
cytoplasm with concentration difference, Mn2+ is transported into lys-
osome from the cytoplasm by inverse concentration difference.84-86

Even though the molecular mechanism of lysosomal transport of 
metal ions remains largely to be investigated, studies have indicated 
that the by- membrane transport disorder of lysosomal homeostasis 
and the decrease in lysosome numbers are associated with dopami-
nergic neuronal degeneration in PD.87 Lysosomal storage disorders 
(LSD) share a significant risk with the motor and cognitive disorders 
in PD. Such LSD as Gaucher disease (GD) and Niemann- Pick disease 
(NPC) that are lipid storage disorders show some common molecular 
pathologic abnormalities to that in PD, including Lewy body eosino-
philic inclusions.88-92 Mutations of sphingomyelin phosphodiesterase 
1 (SMPD1) or the cholesterol transporter NPC1 genes constitute as 
significant risk factors of PD.93,94 Moreover, the SMPD1 gene product 
sphingomyelinase is stimulated by Mn2+ for activity.95-97 It might be 
possible that lysosomal cross- membrane transport affects the struc-
ture and solubility of α- synuclein via disarrayed lipids and trace met-
als in affected neurons. The disordered molecular elements resulting 
from lysosomal dysfunction may thus significantly contribute to the 
formation of eosinophilic inclusions and degeneration of neuronal 
senescence.87-89,93,94

Furthermore, lysosomes play an obligatory role in autophagy 
that is required for compromised organelles including mitochondria 
to be recycled. Failure of mitochondrial maintenance and regulation 
is  involved in PD pathogenesis.98 Notably, ATP13A2 deficiency has 
been shown to contribute mitochondrial dysfunction99-101 and one of 
the mechanisms in mediating mitochondrial dyshomeostasis is com-
promised autophagy.102 ATP13A2 deficiency has been shown to be 

F IGURE  1 Schematic of α- synuclein aggregation incurred by metal trafficking disorder. α- synuclein aggregation may be triggered by a 
transport failure of ATP13A2 substrates from cytoplasm to lysosomes. The resultant cytoplasmic retention of toxic cation substrates may 
participate in synuclein aggregation and precipitation, causing neural cell loss of function and thus degeneration. Red circles depict trace metal 
cations, such as Cu2+ and Mn2+ that undergo constant equilibrium between cytoplasmic and lysosomal compartments, which is mediated by 
ATP13A2 hydrolysis of ATP to ADP under physiological conditions (A). When ATP13A2 function is lost, there becomes some cytoplasmic 
aberrant buildup of the metal cations and their associated molecules (B). The drawings of α- synuclein protein aggregate structures and amino 
acid residues are according to the publication Rodriguez JA et al. Nature, 2015;525:486- 490
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associated with MYCBP2- induced ubiquitination of TSC2, leading to 
Rheb GTPase in a GTP- bound conformation and mTORC1 activation 
on lysosomes, thereby inhibition of TFEB- mediated lysosomal gene 
transcriptions and inhibition of autophagy102 (Figure 2).

6  | ATP13A2  GENE MUTATION

The ATP13A2 gene is a recessive mutation disease- causing gene at 
chromosome 1p36 of early- onset young PD patients with dementia. 

It encodes 1180 amino acids and contains 10 hydrophobic transmem-
brane regions. ATP13A2 as a P- type transporter plays an important 
role in the regulation of Mn2+ homeostasis.103 In PD patients, mul-
tiple ATP13A2 gene mutations have been identified.104 In primary 
cultured rat neurons, the wild- type ATP13A2 protects the cells from 
the toxic effects of Mn2+ and reduces the release of cytochrome c 
from the mitochondria, but its pathogenic mutants have no such abil-
ity, suggesting that ATP13A2 is essential against Mn2+ cytotoxicity 
by regulating the cell Mn2+ homeostasis.105 Knockdown of ATP13A2 
expression in cultured neurons and cerebral cortical neurons results in 

F IGURE  2 Lysosome integrations of cytoplasmic clearance of toxicity, stress- stimulated metabolisms and related gene expressions. 
Lysosomal membranes are equipped with various ATPase pumps, ion channels and amino acid channels, and are also bound by GTPases 
and their regulatory proteins. (A) Under non- stress conditions, TSC2 is involved in stimulating Rheb GTPase activity rendering Rheb in GDP- 
bound conformation, TPC pumps out Na+, and ATP13A2 might pumps in Mn2+, together in favor of mTOR inactivation. (B) When ATP13A2 
becomes deficient as in PD conditions, TSC2 is ubiquitinated and degraded by proteasomes, rendering Rheb in GTP- bound confirmation, and 
SLC38 pumps out amino acids to activate Akt, CASTOR, LRS and FLCN, together resulting in mTOR activation in association with lysosomes 
and lysosomal transcription factor TFEB inhibition. Thus, lysosomal dysfunctions in trafficking and autophagy can be induced with lysosomal 
dyshomeostasis by ATP13A2 mutation- associated cross- membrane transport, TSC2 deficiency- induced mTOR activation and suppression of 
TFEB transcription factor- induced gene transcriptions for lysosomal proteins. Mn denotes manganese and AA denotes amino acids
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the generation of large amounts of ROS and mitochondrial dysfunc-
tion.106 As a metal transporter, however, ATP13A2 corresponding 
specificity for trace metal ligand and its mechanisms of action have 
not been fully understood.107

In the yeast cell knockout of the ypk9 gene (ATP13A2 homol-
ogous gene), its growth was affected by particular metal ions, such 
as cadmium, selenium, manganese and nickel, which suggested that 
ATP13A2 is related to the transport of these ions.108 Among them, 
Mn2+ ion is one of the most toxic trace elements that are known to 
be toxic to neurons.108 Expression of ATP13A2 reduces the toxic-
ity of Mn2+ to nerve cells.105,109 In the ATP13A2 gene knocked out 
mice, deficiency causes glial accumulations of ubiquitinated proteins, 
lipofuscinosis, and disorders of endocytic pathways, leading to age- 
related abnormal movements similar to PD.110 Furthermore, ATP13A2 
gene mutation in PD has been shown to be associated with a wide 
range of lysosomal damages including defective lysosomal acidifica-
tion, dysfunction of hydrolase processing and substrate degradation, 
decreased clearance of autophagosomes, andα- synuclein aggregation 
and cell death.111 With these findings, it is possible that ATP13A2 
failure in transport Mn2+ precipitates Lewy body formation in brain 
regions involved in not only motor but also behavioural deficits, by 
dysfunctional cross- membrane transport in the lysosomal compart-
ments (Figure 1).

To date, little is known of the operative and regulatory mechanisms 
of ATP13A2. Recent studies show that α- synuclein aggregation is 
 enhanced by ATP13A2 mutation.112 With α- synuclein binding to Mn2+ 
and regulating Mn2+ storage, and ATP13A2 as a potential Mn2+ trans-
porter, we hypothesize that α- synuclein presents Mn2+ or other metals 
such as Cu2+ to ATP13A2 for transport (Figure 3). Since ATP13A2 might 
interact with synaptotagmin- 11 encoded by SYT11 that is mutated in 
PD and regulates autophagy in the same pathway as ATP13A2,102 and 
synaptotagmins bind a series of different cations,113,114 it is also pos-
sible that synaptotagmin- 11 regulates ATP13A2 transport efficiency. 
In addition, ATP13A2 contains a unique N- terminal hydrophobic 
extension on the lysosomal cytosolic membrane surface to interact 
with phosphatidic acid (PA) and phosphatidylinositol(3,5)bisphos-
phate [PI(3,5)P2] that stimulate ATP13A2 auto- phosphorylation115 
and are required for the ATP13A2- mediated protection against the 
toxic metals Mn2+, Zn2+, and Fe3+99 (Figure 3). ATP13A2 deficiency 
results in neuronal ceroid lipofuscinosis including accumulation of li-
pofuscin positive for subunit c of mitochondrial ATP synthase, suggest-
ing that a common pathogenic mechanism  underlies both neuronal 
ceroid lipofuscinosis and Parkinson’s disease.100 It is thus possible that 
ATP13A2 deficiency entrains dyshomeostasis of trace metals and lip-
ids moieties between the sides of lysosomal membrane, regulated by 
proteins including α- synuclein and synaptotagmin- 11. Further studies 
are required to delineate the natures of ATP13A2 transport and its 
importance in particular brain regions especially sensitive to lesions in 
Parkinsonism and ICD.

Taken together, cross- lysosomal membrane transport by ATP13A2 
transporters is critical in the maintenance of proteostasis of sensing 
proteins such as α- synuclein and homeostasis of lysosomal compart-
ments. Storage disorders on each side of the lysosomal membranes 

are triggered by gene mutations and deregulated expressions of 
ATP13A2, instigate trafficking disorders of α- synuclein aggregates and 
damaged organelles, including compromised mitophagy, in particular 
regions of CNS. Selective neuronal degeneration and aberrant trans-
mission involving the OFC and corpus striatum circuits may thereby 
underpin PD ICD.
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