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Abstract

Objective: To investigate the effect of GBA heterozygote L444P (wt/L444P)
mutation in human dermal fibroblasts and mouse cortical neurons models (MCN)
and find if glucocerebrosidase (GCase) deficiency in these cells impair the
lysosomal function and induce unfolded protein response (UPR). In addition, to
investigate the consequent impairment of alpha synuclein (A-SYN) metabolism
in the form of increased intracellular accumulation and extracellular release of
fibrillar A-SYN following seeding MCN and differentiated SH-SY5Y neuronal
cultures with preformed A-SYN fibrils (PFFs).
Background: GBA heterozygous mutations are numerically the most important
predisposing factor for developing PD. They contribute to the earlier age of onset
and increased cognitive decline in GBA-PD. L444P mutation is proposed to
induce unfolded protein response (UPR) and perturbed autophagy pathways.
This consequently can lead to impairment of (A-SYN) turnover and eventually
result in the loss of substantia nigra dopaminergic cells, the most vulnerable type
of cells affected in PD. It is hypothesized that A-SYN pathology can spread
through brain regions to reach SNpc thereby supporting the prion-like theory.
Fibrillar forms of A-SYN are thought to contribute to this spread as they can
induce the endogenous A-SYN to recruit, misfold, and become insoluble
aggregates like that observed in Lewy bodies.
Methods:
Functions of ALP and UPS, protein degradation pathways, were assessed in
L444P heterozygous fibroblasts and MCN models. ER stress and UPR
investigated in all disease models including fibroblasts, wt/L444P MCN and
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differentiated SH-SY5Y neurons overexpressing (O/E) L444P GBA. Both
differentiated SH-SY5Y treated with the GCase inhibitor (CBE) and wt/L444P
mutant MCN were incubated with PFFs to initiate A-SYN pathology. Misfolded
and aggregated A-SYN was assessed by western blotting and dot blot.
Results: wt/L444P fibroblasts and MCN cellular models showed no impairment
of protein quality control systems. There was ER retention of mutant enzyme in
wt/ L444P fibroblast but this was not enough to induce UPR in cells. There was
also subtle or no alteration in endogenous A-SYN level in wt/L444P MCN and
differentiated SH-SY5Y neurons treated with CBE until the addition of another
stress such as PFFs seeding. Treating cells with PFFs for 10 days enhanced the
recruitment and aggregation of endogenous A-SYN that were phosphorylated at
Ser129 with evidence of HMW species. Differentiated SH-SY5Y neurons O/E
wildtype SNCA and preloaded with PFFs showed enhanced extracellular release
of fibrillar A-SYN. In addition, differentiated cells O/E L444P GBA, but not MCN
or fibroblasts, showed evidence of ER stress and UPR.
Conclusions: Wt/L444P MCN and differentiated SH-SY5Y dopaminergic
neurons treated with CBE showed augmented A-SYN pathology. The increased
release of pathogenic A-SYN fibrils was more evident in cells with higher
endogenous A-SYN levels and only differentiated SHSY5Y cells O/E L444P GBA
showed evidence of UPR.
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Impact Statement

In modelling GBA-PD, GCase deficient wt/L444P MCN and differentiated SHSY5Y dopaminergic neurons treated with CBE showed subtle or no alteration in
endogenous A-SYN level until the addition of PFFs to initiate endogenous A-SYN
to misfold. Ten days PFFs treatment enhanced formation of insoluble A-SYN,
part of which exhibited Ser129 hyperphosphorylation. Lewy bodies are known to
contain high amounts of Ser129 phosphorylation. This was also associated with
appearance of higher molecular weight A-SYN species.
Also, cell models with increased intracellular A-SYN levels such as differentiated
SH-SY5 over-expressing wildtype A-SYN displayed an increased extracellular
release of pathological A-SYN fibrils following PFFs treatment. This observation
was suggestive that the pathology spread is greatest from neuronal populations
with higher endogenous levels of A-SYN.
We only observed noticeable induction of UPR in differentiated SH-SY5Y
dopaminergic neurons overexpressing L444P GBA whereas other cellular
models, such as MCN and fibroblasts showed no ER stress or enhancement of
UPR. This might suggest that the L444P GBA mutation might have a toxic gain
of function in particular cellular environments such as the presence of dopamine,
that could increase these cells susceptibility to neurodegeneration.
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1.Introduction
1.1

Gaucher Disease

Gaucher disease (GD) is the most common lysosomal storage disease with an
autosomal recessive mode of inheritance. It is caused by mutation in the
glucocerebrosidase

gene

(GBA) that leads to

deficiency

of lysosomal β

glucocerebrosidase (GCase), the enzyme which breaks down the glycolipid
glucosylceramide (GluCer) into glucose and ceramide. GD is a rare and panethnic disorder with an estimated incidence of 1 in 40,000-50,000 to 1 in 100,000
birth in general population. GD was traditionally classified into three clinical
subtypes on the basis of central nervous system involvement, its severity and
deterioration, age of onset and disease prognosis (Grabowski, 2008, Alaei et al.,
2019, Gan-Or et al., 2009, Westbroek et al., 2011, Roshan Lal and Sidransky,
2017). Type I GD, also known as adult or chronic GD, is characterized by vesical
presentation with absence of CNS involvement. This is the most prevalent type
of the disease in western countries and among Ashkenazi Jews in which the
incidence can reach up to 1/ 800 live birth (Alaei et al., 2019, Grabowski, 2008).
Both type II (1% of all GD) and III GD (5%) are classified as neuropathic forms
but they differ in the onset and the rate of disease progression (Alaei et al., 2019,
Sestito et al., 2017), (

Figure 0.1). However, due to previous evidences of phenotypic variation and
genotypic homogeneity, the introduction of new variant of GD and the recognition
of patients with type I disease who develop neurological manifestation
(Biegstraaten et al., 2008) and Parkinsonism (Gan-Or et al., 2009), the customary
classification of neuropathic GD was expanded to include a continuum of clinical
phenotypes (Linari and Castaman, 2015, Alaei et al., 2019). In addition the
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spectrum of phenotypic variation of neuropathic GD was previously determined
and an intermediate phenotype between type II and III GD was reported (GokerAlpan et al., 2003). Saposins are important cofactors that participate in
glycosphingolipids (GluSphs) degradation. There are four homologous forms of
Saposin, A-D resulting from the sequential post-translational cleavage of a
precursor protein, prosaposin (PSAP). Sap C is required for the activation of
GCase enzyme (Tatti et al., 2012) and a rare variant of the GD, presented
clinically as that of type I GD (Tylki-Szymańska et al., 2007), is caused by
mutations in Sap C coding region of the Prosaposin precursor protein (PSAP)
and associated with an invitro normal GCase activity (Tamargo et al., 2012, TylkiSzymańska et al., 2007).
The classic pathological hallmark in Gaucher disease is substrate laden
macrophages due to accumulation of GlcCer substrate in the cell of reticuloendothelial system. These macrophages accumulating in the spleen and liver
result in organomegaly, as well as inflammation (Westbroek et al., 2011).
However, the exact mechanism of neurotoxicity in GD is not clearly understood
and was previously reported to be different than that of other involved systems
(Chen and Wang, 2008, Conradi et al., 1984, Alaei et al., 2019, Wong et al.,
2004). Because GSLs are essential components of cell membrane and they are
vital for cell life (Ferreira and Gahl, 2017), Gaucher cells and neuronal cell loss
can be found in brain parenchyma especially in cortex, hippocampus and in the
brainstem of neuronopathic GD patients (Wong et al., 2004, Orvisky et al., 2002).
The new expanded non-conventional classification of GD is illustrated in
Figure 0.2).
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Figure 0.1 The three types of Gaucher disease.

Figure 0.2 New expanded classification of GD (Alaei et al., 2019, Westbroek et al.,
2011).
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1.2

Parkinson disease

Parkinson disease (PD), by James Parkinson in 1817, is a progressive
neurodegenerative disorder affecting between 10 to 50/100,000 person per year.
Although it is the second most common neurodegenerative disease after
Alzheimer’s, PD is relatively uncommon with a worldwide estimated prevalence
of 1087/100,000 individuals between the age of 70 and 79 and 1,903/100,000
individuals over 80 (Pringsheim et al., 2014). However, being an age-related
disorder and due to the general aging of the population, the number of PD
patients over age 50 was between 4.1 and 4.6 million in 2005 and is expected to
double by 2030 (Dorsey et al., 2007). PD is diagnosed by Queen Square brain
bank diagnostic criteria; Bradykinesia (slowness of initiation of voluntary
movement with progressive reduction in speed and amplitude of repetitive
actions) and at least one of the following: (I) muscular rigidity, (II) 4–6 Hz rest
tremor and (III) postural instability not caused by primary visual, vestibular,
cerebellar or proprioceptive dysfunction (Davie, 2008). However, these clinical
features may not all be present all together and the symptomatology of
Parkinson's disease is now recognized as heterogeneous with a spectrum of
clinically significant non-motor features like sleep disorders, cognitive decline,
psychiatric problems, dementia, various sensory and autonomic dysfunctions
(Kalia and Lang, 2015, Langston, 2006). The most important pathological
hallmark in PD is the selective dopaminergic neuronal loss in the ventral
components of Substantia Nigra Pars compacta (SNpc) with the cardinal motor
manifestations caused by this loss (Surmeier et al., 2017). By the time of death,
50 to 70% of neurons in SNPc is lost (Davie, 2008). In addition to cell death,
histological examination of PD brains showed fibrillary aggregates referred to as
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Lewy bodies (LBs) and Lewy neurites (Surmeier et al., 2017). LBs as a marker of
neurodegeneration, are usually present in the sites of neuronal loss residing in
the surviving neurons. Alpha-Synuclein (A-SYN) is the major component of Lewy
pathology (LP), usually presents with a mixture of molecules including PD-linked
gene products (DJ-1, LRRK2, parkin, and PINK-1), mitochondrial proteins, and
molecules involved in protein degradation systems (Wakabayashi et al., 2013).
PD is also characterized by neuroinflammation partly due to the activation of the
microglia (Dauer and Przedborski, 2003, Hirsch and Hunot, 2009). It is
considered as a fundamental event to protect against neurodegeneration.
However its toxic effect could, on the other hand, exacerbate the neuronal
damage in PD (Lee et al., 2019). Braak et al. group staged PD according to the
evolutional distribution and spread of LP over time from a well-defined starting
point (Braak et al., 2003). PD patients are usually pre-symptomatic in the earliest
documented pathology (Braak stages 1 and 2). However, as the disease
progresses (Braak stages 3 and 4), areas of midbrain and forebrain become
involved to initiate the loss of neurons and symptoms onset. Finally, LP starts to
appear in the neocortex and is associated with sever motor clinical features
(Braak stages 5 and 6), (Table 0.1).
While dopaminergic cell loss is believed to be responsible for the motor alteration
in PD, other neurons including glutamatergic, cholinergic, GABAergic, adrenergic
and noradrenergic are also affected. This heterogenous involvement may explain
the diverse symptomatology of PD, which includes the common PD-associated
non-motor symptomatology (Paredes-Rodriguez et al., 2020, Schapira et al.,
2017). In fact, PD is more likely to be a multisystem rather than pure motor
disease.
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Table 0.1 Braak Staging of PD-related Pathology (Braak et al., 2003)
Stage

Evolution of PD-related pathology

Stage 1 (Medulla Oblongata)

Lesions in the of IX/X motor nucleus and/or intermediate reticular
zone
Stage 2 (Medulla Oblongata and pontine tegmentum)
Pathology of stage 1 plus lesion in caudal raphe nuclei,
gigantocellular reticular nucleus and coeruleus- subcoeruleus
complex
Stage 3 (Midbrain)
Pathology of stage 2 plus midbrain lesions, in particular in pars
compacta of Substantia Nigra
Stage 4 (Basal prosencephalon and Mesocortex)
Pathology of stage 3 plus prosencephalic lesions. Cortical
involvement is confined to the temporal mesocortex (trans-entorhinal
region) and allocortex (CA2-plexus). The neocortex is unaffected
Stage 5 (Neocortex)

Pathology of stage 4 plus lesions in high order sensory association
areas of the neocortex and prefrontal neocortex

Stage 6 (Neocortex)

Pathology of stage 5 plus lesions in first order sensory association
areas of the neocortex and premotor areas, occasionally mild
changes in primary sensory areas and the primary motor field

Most clinicians standardize a combination of clinical presentation with
pathological syndrome to diagnose clinical PD (cPD), (Berg et al., 2014).
Nevertheless, despite that LP is commonly present in brain regions of PD patients
especially

in

the

brainstem,

they

also

occur

in

other

age

related

synucleinopathies even in the absence of PD (Surmeier et al., 2017).
Tyrosine Hydroxylase (TH), the rate limiting enzyme in dopamine synthesis, and
dopamine transporters were shown to be severely reduced in the SN of PD
patients (Kastner et al., 1993). It has become increasingly clear that PD starts
many years before the motor symptoms become evident and PD is diagnosed
(Savica et al., 2010). In fact, some features, appearing early in the course of the
disease, might give a useful diagnostic clue such as early postural instability
backwards with a history of falls, although it is more suggestive of progressive
supranuclear palsy (PSP).
In addition, idiopathic rapid eye movement (REM) behavioural disorders (iRBD)
is known to precede PD by as much as 50 years with 50–75% of patients who
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present with iRBD will go on to develop PD within 10 years of iRBD diagnosis
(Tekriwal et al., 2017). Change in hand writing, micrographia and loss of arm
swinging are usual early features same as reduced facial expression and saliva
drooling. Loss of smell sensation and constipation frequently predate, sometimes
by decade, the onset of PD and are therefore worth asking about (Davie, 2008,
Langston, 2006).
1.3

Genetic overview

Although it has a relatively narrow clinical phenotype, PD is a complex disease
with wide multifactorial etiology including environmental and genetic factors. It is
assumed that the PD is caused, in most cases, by an interplay of the genetic
suitability factors and the environment acting on the background of an aging
brain. In fact, aging is probably the single most important “environmental” risk
factor that eventually tip the balance toward neurodegeneration and PD in a
genetically susceptible individual (Gasser, 2009). The complexity of Parkinson
disease is underlined by the notion that 28 distinct chromosomal regions are
related to PD. The majority of PD is sporadic and about 10% of patients have a
positive family history and a series of genes such as SNCA (PARK1, 4), LRRK2
(PARK8), PINK1(PARK6), DJ-1(PARK7) and ATP13A2 cause familial PD (Klein
and Westenberger, 2012), (Table 0.2).
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Table 0.2 PARK designated PD-Loci

1.4

Symbol

Gene locus

disease

Inheritance
mode

Gene

PARK1

4q21-22

EOPD

AD

SNCA

PARK2

6q25.2–q27

EOPD

AR

Parkin

PARK6

1p35–p36

EOPD

AR

PINK1

PARK7

1p36

EOPD

AR

DJ-1

PARK8

12q12

Classical PD

AD

LRRK2

Link between GBA mutations and PD

One of the most significant current notions in PD is the high association between
GBA mutation and PD. Both homozygous and heterozygous GBA gene
mutations constitute numerically the most important predisposing factor for
developing PD. Compared to the general population, patients with type 1 GD
have increased risk of developing PD (Sidransky et al., 2009). The proportion of
PD patients carrying GBA mutation is estimated to be 5 to 10% depending
whether the entire exome has been sequenced or not (Kumar et al., 2013, Lesage
et al., 2011, McNeill et al., 2012a, Sidransky et al., 2009, Neumann et al., 2009).
The interest in GBA as a risk factor for PD followed the clinical observation that
GD patients had Parkinsonian symptoms (McKeran et al., 1985, Turpin et al.,
1988, Tayebi et al., 2001). This was further supported by the incidence of PD
among relatives of patients with GD indicating high association of both
homozygous and heterozygous GBA mutations with PD (Goker-Alpan et al.,
2004, Halperin et al., 2006). Despite the discrepancies of the populations studied,
subsequent GBA related studies and multicenter meta-analysis showed that both
homozygous and heterozygous mutations confer up to a 20-to 30-fold increased
risk for the development of PD depending on age ethnicity, and type of GBA
mutation (Sidransky et al., 2009, McNeill et al., 2012a, McNeill et al., 2012b).
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N370S and L444P are among the most common GBA mutations associated with
PD and in vitro studies showed that prevalent allele mutants with L444P and
N370S produce enzyme with activity ranging from 6% to 14% of the wild type
(Horowitz et al., 2011, Montfort et al., 2004). More “severe” mutations like L444P
are associated with higher risk for PD than “milder” mutations (e.g., N370S) and
with earlier PD onset (Gan-Or et al., 2015). However, GBA polymorphic variants
like E326K and T369M did not lead to GD in homozygous state have been
associated with increased risk of PD (Duran et al., 2013, Han et al., 2016).
Although the molecular mechanism by which gene mutation results in the disease
are not clear, previous theories have proposed that as in idiopathic PD, GBA
mutation could result in mutant protein misfolding leading to activation of the
UPR, ER stress, (see section1.8 for more details), autophagy-lysosomal
dysfunction (section 1.6.11.6.1), mitochondrial dysfunction, inflammation, and
oxidative stress (Alcalay et al., 2015, Schapira and Tolosa, 2010). Interestingly,
GCase activity was found reduced in post mortem brain samples from patients
with no GBA mutations signifying that the reduced enzymatic activity per se may
contribute to the pathogenesis of the disease (Gegg et al., 2012, Murphy et al.,
2014, Rocha et al., 2015a). In contrast to the autosomal recessive and dominant
familial PD, GBA-PD supports both modes of inheritance due to proposed
hypotheses of loss and gain of function in mutant gene respectively.
Nevertheless, neither one of these hypotheses can explain why the majority of
mutation carriers do not develop PD (Migdalska-Richards and Schapira, 2016).
Whether GBA- linked or idiopathic PD, both appear to have similar LB pathology
(Westbroek et al., 2011, Swan and Saunders-Pullman, 2013), but earlier age of
onset (4-5 years earlier), more cognitive impairment and neuropsychiatric deficits
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are more associated with GBA-PD (Tan et al., 2007, Neumann et al., 2009,
Sidransky et al., 2009, Brockmann et al., 2011, McNeill et al., 2012b, WinderRhodes et al., 2013).
The point mutations c.1226A4G (N370S) and c.1448T4C (L444P) are the most
commonly associated with GD accounting for 70% of mutant alleles and were the
first two GBA mutations described in the late 1980s (Tsuji et al., 1987, Tsuji et
al., 1988, Hruska et al., 2008). Although different GBA mutations are encountered
in GD, it is of importance to identify the causative mutation for genotypephenotype correlation and assessing disease prognosis. Additional GBA
mutations such as complex alleles where the GBA gene recombines with the
pseudogene (GBAP) are implicated in serious clinical consequences (Hruska et
al., 2006). Similarly, GBA null alleles which do not result in protein expression like
IVS2+1G and 84GG confer over 13 times increased risk of PD (Gan-Or et al.,
2009). By comparison, patients with homozygous or compound heterozygous
N370S mutation tend to develop non-neuropathic type 1 GD, and those with
homozygous L444P mutation will be strongly but not exclusively associated with
neuropathic type 3 GD, while patients identified with a complex allele and a
heterozygous L444P mutation are most likely to develop type 2 GD (Grabowski,
2008). It was first reported by Tsuji et al. that the occurrence of single base
substitution in exon X of GBA gene resulting in

444leucine

to proline mutation is

frequently found in the neurologic phenotypes of Gaucher's disease (Tsuji et al.,
1987). Perhaps L444P mutation, situated at the hydrophobic core of domain II,
conformationally changes the folding state of domain II. Also, the substitution site
is situated closed to the proposed catalytic site of GCase and thus results in the
generation of defective enzyme (Tsuji et al., 1987). N370S mutation, on the other
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hand, is located further away from this catalytic site of domain III and might have
less of an effect on the catalytic activity. Furthermore, glycosylation of human
GCase at four asparagine residues (N19, N59, N146, and N270) is essential for
its normal catalytic activity. It has been shown that site-directed mutagenesis of
asparagine residues N19 results in destruction of the potential glycosylation site
in GCase and subsequent enzymatic inactivity (Berg-Fussman et al., 1993).
1.5

GCase activity in PD

As mutant gene results in a production of no protein or misfolded protein with
significantly reduced activity, GD patients typically have 10-20% GCase activity
as compared to normal individuals whereas heterozygous mutation carriers have
about 50% of the activity. Since GBA mutations are numerically the greatest
known genetic risk factor for developing PD, measuring enzyme level and GCase
activity is considered as the important entry point in several studied disease
models. Therefore, several groups have studied GCase activity and protein level
and found it to be defective in different disease models harboring L444P or
N370S GBA mutations; this included GD fibroblasts (McNeill et al., 2014, de la
Mata et al., 2015, Sanchez-Martinez et al., 2016, Collins et al., 2017), inducible
pluripotent stem cell-derived dopaminergic neurons (Schondorf et al., 2014,
Fernandes et al., 2016, Woodard et al., 2014, Yang et al., 2020) and in mouse
cortical neurons (Fishbein et al., 2014, Li et al., 2019). GCase activity and protein
levels were also found reduced by ~33% in different brain regions of sporadic PD
(Gegg et al., 2012, Rocha et al., 2015a, Chiasserini et al., 2015, Murphy et al.,
2014), signifying the potential importance of GCase in the development of
idiopathic Parkinson’s disease. Also, reduced GCase activity was reported in
different brain regions of L444P transgenic mice (Migdalska-Richards et al.,
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2017). Despite the reduction in GCase activity in these studies, screened betahexosaminidase and beta-galactosidase activities were not significantly altered
indicating that the effect on GCase was due GBA mutation and not due to change
in lysosomal mass.

1.6 Protein Degradation Systems
The autophagy lysosome pathways (ALP) and ubiquitin proteasome (UPS) are
the two main cornerstone pathways of protein and organelle catabolism. They
are also implicated in a wide spectrum of pathological states, among which is
neurodegeneration and aging (Rubinsztein, 2006).
1.6.1 Autophagy–lysosome pathways (ALP)
ALP is the process of cellular self-cannibalism which involves breakdown of
endogenous cellular components and foreign substances by the cell and is
accomplished by the lysosome. It is an orchestrated mechanism which is
considered cytoprotective rather than a self-destructive (Levine and Kroemer,
2008). During autophagy, cytoplasmic macromolecules can be degraded to
provide a source of energy for metabolism or building blocks for the synthesis of
macromolecules when the cell has dwindling external or internal resources
(Rubinsztein, 2006, Rubinsztein et al., 2011, Chun and Kim, 2018). Autophagy
can be induced within short periods of nutrient deprivation, and opposite to the
UPS, it is likely the primary mechanism for the degradation of dysfunctional longlived entire organelles such as mitochondria (Chun and Kim, 2018). Because of
small barrel shape proteasome, large proteins and complexes (including
oligomers and aggregates) cannot pass through and therefore are not degraded
by UPS (Levine and Klionsky, 2004, Thibaudeau et al., 2018, Hideshima et al.,
2005). Autophagy substrates also include aggregate-prone proteins such as
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mutant alpha-synuclein (ASYN) which is associated with Parkinson’s diseases
(Rubinsztein et al., 2011). Depending on the different routes of delivering
cytoplasmic substrates to lysosomes, autophagy is classified in to three types
which are macroautophagy (MA), chaperone-mediated autophagy (CMA), and
microautophagy which has been reported in yeast where cargoes are directly
engulfed by a yeast lysosomal compartment (Levine and Klionsky, 2004, Chun
and Kim, 2018).
Macroautophagy is a multistep process involving initially the formation of a
phagophore, (also called isolation membrane), engulfment of cytoplasmic
material by the phagophore, elongation of the phagophore membrane, then
fusion of its edges to close the autophagosome (AP), (Bento et al., 2016, Ktistakis
and Tooze, 2016). AP then fuses with lysosomes to form autolysosomes, a step
that is governed by a number of factors including dynein activity (Pu et al., 2016).
Autophagic clearance of aggregation prone protein has shown to be impaired
even with mutation of dynein machinery (Ravikumar et al., 2005). Inside the
autolysosomes, the luminal contents are degraded by hydrolytic enzymes and
the resulting products are then recycled back to the cytoplasm (Yim and
Mizushima, 2020, Rubinsztein, 2006, Chun and Kim, 2018). In fact, the formation
of AP requires a set of autophagy-related proteins (Atg) and protein complexes
which are sequentially involved in the pathway. Atg proteins can be categorized
functionally according to their role in the AP nucleation and expansion steps.
They are Atg1 complex which includes ULK1, Atg13 and Atg17 responsible for
the induction of autophagosome, the PI3K complex III (including phosphatidyl
inositol 3-phosphate kinase, vps34, Beclin1 and UV radiation resistance
associated gene (UVRAG) which regulates vesicle nucleation, and the two-
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interconnected ubiquitin-like conjugation systems which promote vesicle
expansion and sealing, (Figure 0.3). The first of these conjugation molecules are
E1-like enzyme (Atg7) and the E2-like enzyme (Atg10) which facilitate the
formation of Atg5-12 conjugate. The second is (Atg7), along with (Atg3) as the
E2-like enzyme which regulate the conjugation of Atg8 (known as microtubuleassociated protein 1 light chain 3, LC3 in mammalian cells) to the lipid
phosphatidylethanolamine, a process known as LC3 lipidation (Wesselborg and
Stork, 2015, Suzuki and Ohsumi, 2007, Nishimura and Tooze, 2020).
Following the formation of autophagosome, Atg5-12 conjugate will be eventually
removed leaving LC3 attached to the vesicle. Thus, LC3 serves as an
autophagosomal marker to estimate both the rates of autophagosome formation
and degradation (Klionsky et al., 2008, Yim and Mizushima, 2020, Rubinsztein et
al., 2011), (Figure 0.3). One characteristic feature of autophagy is its dynamic
regulation; autophagy is usually low under basal conditions, but can be markedly
upregulated by several physiological and pathological conditions; starvation and
pharmacological agents such as rapamycin positively regulate autophagy
(Mizushima et al., 2010).
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Figure 0.3 Schematic Representation of Macroautophagy Pathway.

Another pathway for cytosolic protein clearance through lysosomes is chaperonemediated autophagy (CMA), (Figure 0.4). All CMA substrate proteins are
characterized by the presence of a targeting pentapeptide motif biochemically
related to KFERQ Lys-Phe-Glu-Arg-Gln in its amino acid sequence (Massey et
al., 2004, Alfaro et al., 2019, Juste and Cuervo, 2019, Park and Cuervo, 2013,
Dice, 1990). This motif, which is present in ~30% of cytosolic proteins is
recognized by a cytosolic chaperone, the heat shock protein of 70 kDa (Hsc70).
The substrate protein is unfolded when bound to hsc70 (Salvador et al., 2000,
Alfaro et al., 2019), a step not required in the other types of autophagy (Figure
0.4). The chaperon-substrate complex then docks at the lysosomal membrane
by binding to the cytosolic tail of a single transmembrane protein receptor called
lysosome-associated membrane protein 2A (LAMP2A) delivering the target into
the lysosomal lumen for degradation by hydrolases and proteases (Cuervo et al.,
1999, Cuervo and Wong, 2014, Xilouri and Stefanis, 2016). Lysosomes can also
directly engulf cytoplasm by invagination or protrusion of the lysosomal
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membrane, a process known as microautophagy. However, this process is poorly
understood in mammalian cells (Rubinsztein, 2006), (Figure 0.5).

Figure 0.4 Steps of Chaperon Mediated Autophagy Pathway.

Figure 0.5 schematic representation of Microautophagy process.

38

Several mouse models have shown the essential role of autophagy for neuronal
survival. For instance, knockout of specific autophagy genes (Atg5 and Atg7) in
mice led to early neonatal lethality (Komatsu et al., 2005, Kuma et al., 2004,
Yoshii et al., 2016). Furthermore, loss of dynein function in mice showed impaired
fusion of AP with lysosome and defective clearance of toxic aggregate prone
proteins, a process thought to occur in PD with accumulation of aggregated
Alpha-synuclein (A-SYN), (Ravikumar et al., 2005, Li et al., 2013). The
impairment of lysosomal pathways, although it is not fully understood, has been
increasingly viewed as a major event in PD pathogenesis (Dehay et al., 2013).
Robak et al recent study using whole exome sequencing (WES) has identified
that, not only GBA, but other putative damaging variants of lysosomal storage
disease (LSDs) such as Cathepsin D gene (CTSD) in Neuronal ceroid
lipofuscinosis, SMPDI in Niemann-pick disease (type A, B) and ASAH1 in Farber
Lipogranulomatosis are implicated as PD susceptibility genes. This suggests that
the impairment of lysosomal function by combination of multiple genetic hits
predispose to PD (Robak et al., 2017, Blumenreich et al., 2020). Defective
autophagy has been shown both in brain tissue samples from idiopathic, familial
PD patients and toxic mouse models of PD (Chu et al., 2009, Alvarez-Erviti et al.,
2010, Vila et al., 2011, Sanchez-Danes et al., 2012, Dehay et al., 2010). In terms
of PD, it is also well established that wild-type A-SYN is selectively targeted by
both the CMA pathway and proteasome for degradation (Vogiatzi et al., 2008,
Cuervo et al., 2004, Webb et al., 2003). Meanwhile, mutant A-SYN is mainly
degraded by macroautophagy pathway and the proteasome (Yan et al., 2018,
Park and Cuervo, 2013, Stefanis et al., 2001, Webb et al., 2003) pointing out to
the availability of different pathways for single substrate. There is evidence of
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impaired CMA clearance of pathogenic A53T and A30P A-SYN which was
compensated by induction of autophagy both in the PC12 cells and neuronally
differentiated SH-SY5Y cells (Xilouri et al., 2009). It was previously reported that
the selectivity of protein degradation systems is cell type specific. Nevertheless,
if a protein cannot be degraded by its “usual” degradation pathway, another
system can ship in and take care of its disposal which suggests a cross-talk
between different proteolytic pathways. This pattern is therefore considered
beneficial to guarantee the elimination of unwanted aggregation prone protein in
cell even if it’s selectively degrading pathway is compromised (Park and Cuervo,
2013). Also, mutant A-SYN has been reported to block binding to the CMA
receptor (LAPM2A) on the lysosomal membrane thus and inhibiting their own
degradation (Cuervo et al., 2004). LAMP2A was found to be neuroprotective by
promoting autophagy flux and preventing A-SYN-induced Parkinson like
symptoms in Drosophila brain (Issa et al., 2018). Furthermore, decreased levels
of hsc70 and LAMP2A have been reported in the substantia nigra pars compacta
and amygdala of PD brains (Alvarez-Erviti et al., 2010) and in early stages of
sporadic PD brains (Murphy et al., 2015). In these studies, the defect in CMA
pathway was associated with increased level of A-SYN which suggests that
dysfunction in this pathway may precede pathogenic A-SYN accumulation in PD.
Additionally, induction of CMA both in vitro in SHSY5Y and mouse cortical
neurons and in vivo in dopaminergic striatal neurons alleviated A-SYN induced
neurodegeneration and provided a potential therapeutic strategy in PD and
related synucleinopathies (Xilouri et al., 2013). GBA mutations and subsequent
loss of GCase activity alter A-SYN metabolism. Therefore, and to further
implicate the role of autophagy in GBA linked PD, Magalhaes et al. work has
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previously showed that macroautophagy flux was inhibited and autophagy
lysosomal reformation (ALR), a cellular process controlled by mTOR, was
compromised in both mouse cortical neurons (MCN) treated with CBE and in
fibroblasts with L444P GBA mutations (Magalhaes et al., 2016). In this study,
Inhibiting GCase was associated with accumulation, Ser129 phosphorylation and
induced extracellular release of A-SYN from cells. Similarly, perturbed autophagy
pathway was reported previously in GBA-N370S- and L444P-mutant induced
pluripotent stem cells (iPCs) derived dopaminergic neurons (Fernandes et al.,
2016, Schondorf et al., 2014). Recent study by Li et al. reported impaired
induction of autophagy and accumulated A-SYN triggered by heterozygous
L444P mutation in hippocampal neurons derived from transgenic mice (Li et al.,
2019). (Li et al., 2019). However, the effect of GBA mutation on autophagy is
variable in fibroblast; de la mata et al. (2015) found the that ratio of LC3-II to LC3I and ATG12-ATG5 conjugates were significantly increased in L444P Gaucher
fibroblasts, signifying enhanced autophagosome formation in these cells (de la
Mata et al., 2015). However, studies by other groups showed no evidence of
impaired macroautophagy, with no significant differences in p62 or LC3 levels
under basal condition (Tatti et al., 2012, Ambrosi et al., 2015, McNeill et al.,
2014).

1.6.2 Ubiquitin Proteasomal System (UPS)
Proteasomes are barrel-shaped complexes that degrade mainly short-lived
nuclear and cytosolic proteins (Ciechanover, 2006). It is also involved in the
process known as endoplasmic reticulum-associated degradation (ERAD) in
which misfolded proteins in ER are translocated back into the cytoplasm for
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degradation (Stolz and Wolf, 2010, Olzmann et al., 2013). Before degradation by
the proteasome, target proteins are covalently conjugated to ubiquitin (Ub). The
process principally involves three types of enzymes: E1 (ubiquitin-activating
enzyme) hydrolyses ATP and forms a thioester link with ubiquitin; E2 (ubiquitinconjugating enzyme) receives ubiquitin from E1 and forms a similar thioester
intermediate with it; and E3 (ubiquitin ligase) binds both E2 and the substrate,
and transfers the ubiquitin to the substrate (Rubinsztein, 2006, Pohl and Dikic,
2019), (Figure 0.6).
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Figure 0.6 Schematic representation of the Ub-proteasome pathway.

A polyubiquitin chain of up to 8 molecules is frequently formed in order for the
substrate to be recognized and shuttled to proteasome for degradation. Ubiquitin
molecules in the chain are linked together between the terminal G76 residue of
each ubiquitin unit and a specific lysine (K) residue (most commonly K48) of the
previous ubiquitin (Ikeda and Dikic, 2008). The G76–K48 polyubiquitylated
substrate is then targeted for degradation by the 26S proteasome, a large
protease complex consisting of a barrel-shaped 20S proteolytic core in
association with two 19S regulatory caps, one on each side of the barrel's
openings (Saeki, 2017, Chau et al., 1989). The UPS has been considered as the
central protease in the ATP- and Ub-dependent degradation of proteins with its
26S catalytic subunit responsible for the degradation of abnormal and damaged
proteins (Coux et al., 1996, Hochstrasser, 1996, Hershko and Ciechanover,
1998, Lupas et al., 1995, Collins and Goldberg, 2017). Importantly, wild-type
proteins are more efficiently cleared by proteasomes under basal conditions than
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by macroautophagy (see section 1.6.1). This might be related to the selectivity of
UPS in tagging and targeting proteins before degradation (Rubinsztein, 2006,
Wong and Cuervo, 2010). However, when proteins become aggregate prone,
they become poor proteasomal substrate and cleared more effectively by
macroautophagy (Ciechanover and Kwon, 2015, Rubinsztein, 2006)
Altered UPS leads to protein accumulation and cell death (Voges et al., 1999,
Bence et al., 2001, McNaught et al., 2003, Korolchuk et al., 2009, Stefanis et al.,
2001, Chau et al., 2009). In fact, inhibiting proteasomal activity was reported to
initiate an apoptotic cascade in SH-SY5Y and T98G cellular models (Pilchova et
al., 2017). In addition, accumulated Ser129 phosphorylated A-SYN and 40% cell
loss were reported in nigral neurons following Lactacystin-induced proteasomal
inhibition in mice (Bentea et al., 2015). The genetic analysis of inactive mutant
components

of

UPS

has

suggested

their

potential

involvement

in

neurodegeneration and evidence of direct role for the UPS in PD was established
from the association of genetic mutations in the parkin (PARK2) gene with familial
parkinsonism (Kitada et al., 1998, Klein and Westenberger, 2012, Gegg et al.,
2010, Shimura et al., 2000, Selvaraj and Piramanayagam, 2019, Ferreira and
Massano, 2017). This finding was supported by subsequent studies
demonstrating that parkin functions as a ubiquitin E3 ligase in UPS (Imai et al.,
2000; Zhang et al., 2000). It plays a role in the cell’s quality control system with
the help of UPS and maintains the healthy mitochondrial network (Selvaraj and
Piramanayagam, 2019). Parkin was found involved in the interaction with and
degradation of N370S mutant GCase which further support the occurrence of GD
and PD (Ron et al., 2010). It also rescues catecholaminergic neurons from toxicity
associated with mutant A-SYN including proteasome dysfunction (Petrucelli et al.,
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2002). UPS dysfunction was reported as a center of neurodegenerative disease

etiology by the knockout of 20S proteasomal unit in mouse model (Bedford et al.,
2008). This study showed Lewy body inclusions as a sign of neurodegeneration
and provided the evidence that ubiquitin-positive inclusions act as a consistent
feature of neurodegenerative diseases. Furthermore, Parkin itself is found as a
component of Lewy bodies (Fahn and Sulzer, 2004) and it was previously
reported that in HEK 293 and the human neuroblastoma cell line (BE-M17), both
aggregated and monomeric A-SYN exerts it’s toxic effect by selectively binding
to S6 proteasomal protein, a subunit of the 19S cap (Snyder et al., 2003).
Furthermore, following proteasomal inhibition in dopaminergic SH-SY5Y cells,
the accumulated Ser129 phosphorylated A-SYN was found toxic to cells (Chau
et al., 2009). Recent work by (Pantazopoulou et al., 2020) showed that
epoxomicin-induced proteasomal inhibition in a PFFs seeded and neuronally
differentiated SH-SY5Y cells led to accumulation of Ser129 phosphorylated ASYN. This observation suggests the proteasome is responsible for selective
clearance of PFFs-induced phosphorylated A-SYN aggregates. Similar
observation was reported by (Arawaka et al., 2017); In SH-SY5Y cells
overexpressing wild-type A-SYN, in which proteasomal clearance of accumulated
Ser 129 phosphorylated A-SYN was more enhanced under lysosome inhibition.
Overexpression of wild-type or mutant A-SYN in different cell and animal models
perturbed proteasomal function and increased susceptibility to cell death
(Vekrellis et al., 2009, Stefanis et al., 2001, Chen et al., 2006). This raises the
possibility that in addition to the toxic effect of A-SYN on proteasome activity
(Ghee et al., 2000), the presence of large amounts of misfolded or unfolded
protein might also overwhelm UPS (Bence et al., 2001). Consistent with an
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implicated role of UPS in familial parkinsonism, the impairment of 20S activity
with selective decrease of proteasomal subunit has been observed in SNpc of
sporadic PD patients (McNaught et al., 2003). UPS was also found defective in
mixed cortical neuronal culture of (GBA-/-) mouse model (Osellame et al., 2013)
and in GD fibroblasts (Ambrosi et al., 2014). Although pharmacological inhibition
of proteasome in animal models has supported the genetic data and either
partially or fully recapitulated the clinicopathological features of PD (Schapira et
al., 2006, McNaught et al., 2004), other groups when using the proteasomal
inhibitors in rat and primates, failed to observe any clinicopathological features
(Beal and Lang, 2006).

1.7

Alpha Synuclein protein metabolism in PD

1.7.1 Accumulated intracellular A-SYN in GBA-Linked PD
Alpha-synuclein (A-SYN) is a natively unfolded protein abundantly present in
neurons with a small amount also released from cells (Zhang et al., 2018, Lee et
al., 2005, Stefanis, 2012). Despite its uncertain function, this protein has been
suggested to play a role in synaptic vesicle biogenesis, modulation of synaptic
transmission, and brain lipid metabolism (Desplats et al., 2009). In human, ASYN is present in body fluids like plasma, CSF and interstitial fluid (Mollenhauer
et al., 2012, Atik et al., 2016, El-Agnaf et al., 2003, Mollenhauer et al., 2017,
Borghi et al., 2000). Clearance of A-SYN can occur via both CMA and
macroautophagy, both processes were viewed to be impaired in PD (AlvarezErviti et al., 2010, Xilouri and Stefanis, 2016, Cuervo et al., 2004); see section
1.6 for details). Neurons secrete A-SYN normally in culture (Lee et al., 2005), but
its secretion increases under stress conditions such proteasomal and lysosomal
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dysfunction, as well as oxidative stress (Huse et al., 2005). In fact, A-SYN has a
central role in the pathogenesis of PD and other synucleinopathies (Spillantini
and Goedert, 2000) and the first link between PD and A-SYN was described in
1997 with the identification of point mutations -A53T- in the SNCA gene in
autosomal-dominant forms of PD (Polymeropoulos et al., 1997, Athanassiadou
et al., 1999, Spira et al., 2001, C‐S et al., 2007, Choi et al., 2008, Puschmann et
al., 2009). Given that the lysosomal dysfunction is a well-established major
pathological event in PD (Dehay et al., 2013), the relationship between GCase
mutation and A-SYN accumulation must be studied. In fact, A-SYN levels have
been shown to be altered in response to pharmacological inhibition of autophagy
pathway (Klucken et al., 2012) and ER stress (Hoepken et al., 2008). Also,
accumulated phosphorylated A-SYN species were found in the brains of PD
patients and in mouse model of synucleinopathies (Oueslati, 2016). A number of
suggested hypotheses have been proposed to link GCase and A-SYN to the
pathogenesis of PD (Velayati et al., 2010, Goldin, 2010). The first of these
theories is that in the gain of function model of PD, mutant misfolded GCase
results in aggregation of A-SYN through direct interaction between the two
proteins (Sidransky and Lopez, 2012). Direct molecular and biochemical
interaction between GCase and A-SYN mediated at membrane sites was
proposed by Yap et al., (2011). This hypothesis requires a co-localization of
GCase in the aggregate with A-SYN; significant co-localization between GCase
and A-SYN was detected in up to 90% of Lewy neurites and positive A-SYN
inclusions in PD patients with GBA mutations (Goker-Alpan et al., 2012, Yap et
al., 2011). Another study in cell models overexpressing different GBA mutations
(L444P, N370S, D409V, E235A or E340A) in MES23 neuronal cells and
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pheochromocytoma cells (PC12) showed significant increase in endogenous ASYN aggregation by 121% to 248% (Cullen et al., 2011). Evidence supporting
the gain of function theory was also provided by work on murine model with
D409V GBA mutation; this study showed age-related deposition of A-SYN
aggerates in the hippocampal region of mutant mice when compared to control
and these deposits were ubiquitin positive and proteinase K insensitive (Sardi et
al., 2011). Hippocampal localization of LB and LN has been reported in N370S
mutation carriers and in GD patients with Parkinsonism symptoms (Tayebi et al.,
2003) and in PD patients carrying various GBA mutations (Neumann et al., 2009).
The second hypothesis explaining the pathology of A-SYN is that the loss of
GCase function leads to accumulation of the substrate glucosylceramide
(GluCer) and subsequent perturbation of lipid metabolism promoting an increase
in intracellular A-SYN (Pelled et al., 2005). Subsequently, the elevated A-SYN
inhibits the intracellular trafficking and the lysosomal function of the normal
GCase which will lead eventually to a self-propagating positive feedback loop and
ultimately causing neurodegeneration. Intra-lysosomal accumulation of GlcCer in
mouse model was proposed as the most likely pathogenic mechanism linked to
GBA loss-of-function homozygous mutations (Xu et al., 2011). Previous Studies
by Mazzulli et al., 2011 and Aflaki et al., 2016 using iPCs derived dopaminergic
neurons from GD patients with N370S and L444P mutations as well as GBA KD
primary neuronal culture cells showed significant increase in the A-SYN level due
to

accumulated

substrate

stabilizing

soluble

oligomeric

intermediates

Importantly, defective proteolysis of the long-lived protein was proved in the
studied models which indicates that GCase depletion compromises the
lysosomal degradation pathway. Chaperoning GCase to the lysosome
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significantly restored its activity and reduced A-SYN accumulation, an approach
that can be used as a potential therapeutic strategy in PD (Aflaki et al., 2016,
Mazzulli et al., 2011). The immunofluorescence for both A-SYN and tyrosine
hydroxylase (TH) has previously suggested accumulated of A-SYN in neuronal
models with N370S GBA mutations (Woodard et al., 2014). Other studies using
iPCs derived neurons with N370S, L444P or recombinant alleles (RecNciI),
(Schondorf et al., 2014) or using dried blood spots (DBS) from GD patients
carrying the same mutations (Pchelina et al., 2017) have also reported increased
intracellular A-SYN levels. However, neither the gene dosage, nor type of
mutation, appeared to noticeably affect the degree of A-SYN accumulation in
Schondorf study. Enhanced accumulation of A-SYN was observed following
conduritol b-epoxide (CBE) exposure in SH-SY5Y cell model and substantia nigra
of CBE injected mice (Manning-Bog et al., 2009, Cleeter et al., 2013, Magalhaes
et al., 2016, Rocha et al., 2015b). CBE is an inhibitor of GCase and studies in
which A-SYN accumulates suggested that the loss of GCase activity alone (e.g.
no presence of ER stress) can affect A-SYN metabolism. Indeed A-SYN
accumulation has been reported in GBA knock out mouse (GBA-/-), (Osellame et
al., 2013). The exact mechanism controlling A-SYN aggregation and toxicity
remain in part non-elucidated in which impairment of lysosomal function and
recycling has been suggested (Magalhaes et al., 2016); see 1.6.1 for lysosomal
function and A-SYN metabolism in PD.
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1.7.2 A-SYN extracellular release
Interestingly, A-SYN can be released from cells and when aggregated in to fibrils
and may have a prion like features that enable cell to cell transmission. This might
explain the progression of Lewy pathology (LP) through the brain that was initially
proposed by Braak (Lee et al., 2014, Braak et al., 2003). Different pathways have
been suggested to explain how A-SYN is released and spread to other cells.
When exogenous fibrillar A-SYN is taken up be ‘naïve’ cells, it becomes
accessible to the soluble A-SYN for a period of time until it recruits the
endogenous A-SYN and enhances the formation of insoluble Ser129
phosphorylated A-SYN and LB inclusions (Lee et al., 2014, Oueslati et al.,
2014). There is an increasing evidence that phosphorylation of A-SYN is
considered critical for aggerates formation and A-SYN mediated neurotoxicity
(Oueslati, 2016) and as phosphorylated A-SYN makes 90% of the total A-SYN
that is present in LB, posttranslational modifications is believed to be implicated
in LB pathology (Migdalska-Richards and Schapira, 2016, Oueslati, 2016,
Oueslati et al., 2010). Many studies reported accumulation of phosphorylated
S129 A-SYN in the brain of PD patients as well as transgenic animal models of
synucleinopathies (Fujiwara et al., 2002, Anderson et al., 2006, Neumann et al.,
2002, Migdalska-Richards et al., 2017, Walker et al., 2013, Zhou et al., 2011).
In addition, converging lines of evidence indicate the A-SYN can be selftemplated and aggregated in to fibrils that spread from cell to cell (Braak et al.,
2003, Oueslati et al., 2014, Oueslati, 2016, Ugalde et al., 2016, Lee et al., 2014).
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Post-mortem studies showed that PD patients who received fetal dopaminergic
neuronal grafts revealed inclusion bodies similar to the Lewy bodies in these
grafts several years after receiving the implants (Li et al., 2008, Kordower et al.,
1995). PFFs seeding of neuronal cultures and wild type non-transgenic mice
leads to recruitment of endogenous A-SYN which undergo conformational
modification and convert in to fibrillar, Ser 129 phosphorylated protein and LB
inclusions resembling those involved in PD pathology (Masuda-Suzukake et al.,
2013, Grassi et al., 2018, Tapias et al., 2017, Luk et al., 2012, Emmanouilidou et
al., 2010, Volpicelli-Daley et al., 2011, Zhang et al., 2019, Gegg et al., 2020).
Furthermore, the extracellular fibrillary A-SYN species can induce chronic
inflammatory response when taken up by microglia or astrocytes, the major
scavengers of extracellular A-SYN which will further affect protein aggregation
and neuronal viability when establishing a positive feedback loop between the
neurons and the glial cells (Lee et al., 2014). The extracellular release of A-SYN
fibrils from cells is strongly dependent of efficiency of protein degradation
systems and neurons are releasing synuclein, perhaps in a free form or via
exosomes, as a protective way to remove PFFs-induced accumulated
intracellular A-SYN (Fussi et al., 2018). Evidence of exosomal dependent release
of A-SYN has been proposed when lysosomal pathway was blocked in H4 cell
culture and SHSY5Y cell lines overexpressing A-SYN (Danzer et al., 2012,
Alvarez-Erviti et al., 2011, Emmanouilidou et al., 2010). Also, Desplats et al. study
demonstrated that neuron-derived A-SYN can be transmitted from A-SYN
overexpressing cells into transplanted embryonic stem cells in tissue culture and
in to hippocampus of transgenic animals (Desplats et al., 2009). These findings
further support the hypothesis by in which exosomes are described as "Trojan
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horses" of neurodegeneration shipping toxic materials from prion infected cells to
recipient cell and thus acting as initiators of cell death propagation (Ghidoni et al.,
2008). In a recent work in our lab, it was shown that seeding MCN or differentiated
SH-SY5Y dopaminergic cell cultures with PFFs has significantly induced the
secretion and spread of A-SYN fibrils from neurones with GCase deficiency and
could therefore account for increased spread of LP through the brain (Gegg et
al., 2020).

1.8

Endoplasmic Reticulum (ER) Stress and Unfolded Protein Response
(UPR)

Under physiological conditions, the newly synthesized proteins are subjected to
ER quality control (ERQC) and only misfolded ones are retained in the ER
(Bendikov-Bar et al., 2011). Proteins require chaperones to acquire a proper
folding state and enter the secretory pathway (Malhotra and Kaufman, 2007,
Dubnikov and Cohen, 2017) Accumulation of misfolded proteins in the ER leads
to activation of the unfolded protein response (UPR), with persistent activation of
the UPR inducing ER stress (Amen et al., 2019, Lindholm et al., 2017, Colla,
2019). The most immediate response to ER stress is upregulation of binding
immunoglobulin protein (BiP)/GRP78, an ER HSP70 family protein, due to its
release from the three ER sensors and subsequently turning them to the active
state. In response to this, the three ER localized transducers IRE1, PERK and
ATF6 dissociated from (Bip/GRP78) become activated to initiate an adaptive
unfolded protein response (UPR), (Amen et al., 2019, Colla, 2019, Remondelli
and Renna, 2017, Lehtonen et al., 2019), (Figure 0.7).
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Figure 0.7 ER stress and Unfolded Protein Response (UPR): In the absence of stress,
the, PERK, ATF6 and IRE1 sensors remain in the inactive state due to their association
with the chaperone BiP/GRP78. Once detached from BiP, IRE1 and PERK selfphosphorylate and become activated for downstream signaling; the first branch of the
UPR is PERK signalling cascade which is capable of phosphorylating eukaryotic
translational initiation factor 2 (elf2α). This phosphorylation inactivates elf2α to
reduces general protein synthesis. and alleviates the folding machinery. Blockage of
elf2α also leads to activation of the transcription factor ATF4, which is directed to the
nucleus to bind to several genes involved in the control of antioxidant response,
ERAD, Lipid synthesis, and ER translocation. After it dissociates from BiP, the
transmembrane protein ATF6 translocates into Golgi apparatus where it is cleaved by
S1P and S2P proteases to produce a cytosolic fragment. This fragment interacts with
different nuclear partners, allowing it to upregulate the transcription of ER chaperones
involved in ERAD process and activation of macroautophagy. The third of UPR players
is IRE1 which is constitutively inactive when associated to BiP. Accumulated
misfolded proteins in ER, however, lead to dissociation of IRE1 from BiP with
subsequent dimerization and autophosphorylation to completely activate its
endoribonuclease function. IRE1 activity results in atypical splicing of XBP1 mRNA in
the cytoplasm to generate a stable and active XBP1 protein known as XBP1-S (XBP1spliced). This is a transcription factor composed of a nuclear compartment targeting
signal sequence which control the expression of factors modulating amino acids
synthesis and transport, ERAD, autophagy, CHOP and apoptosis.
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Under ER stress, the activated PERK arm phosphorylates elf2 α to become
inactivate and thus eventually attenuates mRNA translation. This helps to prevent
synthesis of new proteins that might augment the already present stress.
Collectively, this indicates that UPR is a tightly orchestrated collection of signaling
pathways which acts as sensitive surveillance for unfolded proteins to restore
homeostasis and ensure a proper folding state of protein before directing them to
the secretory pathway (Malhotra and Kaufman, 2007, Díaz-Villanueva et al.,
2015, Colla, 2019, Hetz et al., 2020).
UPR delivers information about protein folding to nucleus and cytosol and adjusts
the protein folding capacity of the cell by removing misfolded proteins from the
ER towards the proteasome via protein chaperones for degradation in a process
called ER-associated degradation (ERAD), (Stolz and Wolf, 2010, Hetz et al.,
2020, Colla, 2019, Remondelli and Renna, 2017). However, and despite being
protective response of the cell, persistent stress and UPR will render the cell
sensitive to apoptotic stimuli and may predispose to death (Malhotra and
Kaufman, 2007, Sano and Reed, 2013, Iurlaro and Muñoz-Pinedo, 2016).
UPR is also an energy dependent mechanism that need ATP for maintaining high
Ca2+ pool required for chaperon function and ERAD (Malhotra and Kaufman,
2007). Thapsigargin is known to block the ER Ca2+-ATPase through noncompetitive inhibition leading to perturbed Ca2+ homeostasis and activation of
UPR (Sehgal et al., 2017b, Dubois et al., 2020, Quynh Doan and Christensen,
2015). It has been previously observed that the use of even low concentration
(0.1uM) of Thapsigargin targeted prostate and breast cancer cells induced ER
stress via extensive drainage Ca2+ storage leading ultimately to cellular death and
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apoptosis. In this study, the induced apoptotic pathway was mainly mediated
through CHOP/GADD153 (Sehgal et al., 2017a).
ER stress and UPR also play fundamental role in the pathogenesis of
neurodegenerative

disease

like

PD

(Remondelli

and

Renna,

2017).

Phosphorylated PERK and eIF2α were found co-localized with A-SYN, in
dopaminergic neurons of PD patients (Sugeno et al., 2008). Furthermore, null
mutation in CHOP reduced the 6-hydroxydoamine-induced apoptosis in
substantia nigra of PD animal model (Silva et al., 2005). Aggregated oligomeric
A-SYN in the ER of A53T SNCA transgenic mouse model induced ER stress and
UPR that eventually resulted in inflammation and neurodegeneration (Colla et al.,
2012).
ER stress and UPR are also pathologically relevant to GBA-PD. Analysis of the
two ER-resident chaperones involved in UPR, Bip/GRP78 and calreticulin,
revealed significant upregulation of these chaperons as well as activation of the
IRE component of the UPR in GBA-N370S dopaminergic neurons from PD
patients (Fernandes et al., 2016) and in GD fibroblast (McNeill et al., 2014)
Furthermore, GCase mutant protein undergoes ERAD in skin fibroblasts
originated from GD patients homozygous for L444P mutation (Bendikov-Bar et
al., 2011). Dysregulation of calcium homeostasis and increased vulnerability to
stress responses and neurodegeneration has been observed in iPCs-derived
neurons and patients derived fibroblast with GBA mutation (Schondorf et al.,
2014, Kilpatrick et al., 2016). PFF s seeding of differentiated SH-SY5Y cells and
MCN treated with CBE has recently showed to inhibit lysosomal GCase activity
and induce upregulation of BiP marker of UPR reflecting impaired trafficking of
GCase in to the lysosomes (Gegg, 2020).
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Under normal physiological conditions, GCase is transported by LIMP2 and not
by mannose phosphate receptor (MPR). In MPR double KO MEF, GCase sorting
and activity was not affected confirming that the enzyme is trafficked to the
lysosome by binding to LIMP2 in the ER and not via MPR dependent manner
(Reczek et al., 2007). The tow common GBA mutations associated with GD and
PD such as N370S and L444P activate the UPR and undergo ERAD when unable
to be refolded. One of the key regulators of this process is the E3 ubiquitin ligase
ITCH (also known as atrophin-1-interacting protein 4). ITCH chaperone was seen
to interact with mutant GCase variants and mediate their polyubiquitination and
subsequent proteasomal degradation in GD fibroblasts (Maor et al., 2013).
Likewise, in the case of N370S and L444P mutations, GCase was found to bind
firstly to Hsp70 for proper folding, and upon failure of this, to Hsp90 which directed
the protein to the UPS (Lu et al., 2011). Ambroxol and Isofagomine are identified
as a pharmacological chaperone for mutant GCase, they enhanced the proper
folding and increase activity of the mutant enzyme in GD fibroblast and animal
model. Therefore, they should be considered as a potential therapeutic agent for
Parkinson disease in terms of both increasing trafficking of GCase to the
lysosome and reducing ER stress (Ambrosi et al., 2015, Sanchez-Martinez et al.,
2016, Bendikov-Bar et al., 2011, McNeill et al., 2014).
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1.9

Mitochondrial Dysfunction in GBA-Linked PD

Loss of GCase activity in GBA-PD can also result in mitochondrial dysfunction
(Gegg and Schapira, 2016). Lysosomes are essential for autophagic clearance
of dysfunctional mitochondria and represent an important element of
mitochondrial quality control (de la Mata et al., 2016). Defective NADHubiquinone reductase (Complex I) activity was first observed in the substantia
nigra of sporadic PD patients (Schapira et al., 1989, Schapira et al., 1990).
Accordingly, many laboratories have developed PD models by utilization of
compound such as MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) and
pesticide like rotenone which act as a well-known mitochondrial complex I
inhibitors (Langston et al., 1999, Martinez and Greenamyre, 2012, Cassarino et
al., 1999). Degeneration of substantia nigra neurons through inhibition of complex
I activity was reported in PD patients years after exposure to MPTP (Langston et
al., 1999) In addition, Rotenone has been reported to selectively damage nigral
dopaminergic neurons in vitro (Marey-Semper et al., 1995, Wang et al., 2020,
Cheng et al., 2020, Testa et al., 2005) and in vivo (Betarbet et al., 2000, Feng et
al., 2006, Guo et al., 2018, Wen et al., 2011, Sanders and Timothy Greenamyre,
2013, Wang et al., 2020, Miyazaki et al., 2020) which further supports the
involvement of mitochondrial complex inhibition in PD pathogenesis.
Mutations in PARK2, PINK1, and DJ-1 redox sensing genes are associated with
defective mitochondria and cause familial PD (Schapira, 2008, Cookson, 2012,
Pickrell and Youle, 2015, Grünewald et al., 2019). In GBA linked PD, perturbation
of mitophagy, accumulation of A-SYN, defective calcium homeostasis and buildup of oxygen free radical species are all implicated in the pathogenesis and
increase vulnerability to neuronal cell death (Gegg and Schapira, 2018).
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The presence of mitochondrial dysfunction with significant reduction in
mitochondrial membrane potential (ΔΨm) and diminished ATP production has
been reported in GD fibroblasts harboring the L444P mutation (de la Mata et al.,
2015). Also, pharmacological inhibition of GCase by CBE in SH-SY5Y cells also
reduced mitochondrial membrane potential (ΔΨm) and increase production of
reactive oxygen species (ROS), together with accumulation of A-SYN. These
observations were indicative that GCase loss-of-function can trigger oxidative
stress and mitochondrial dysfunction in human dopaminergic cell lines (Cleeter
et al., 2013). Additionally, defective mitochondrial quality control has been
proposed to contribute to the mitochondrial dysfunction observed in the brains of
a mouse GBA knockout model (Osellame et al., 2013). Recently, Li et al. (2019)
investigated the link between heterozygous L444P mutation and mitochondrial
dysfunction and showed that GBA mutation triggers mitochondrial dysfunction by
blocking induction of mitophagy. Moreover, Schöndorf et al. (2018) demonstrated
that iPCs neurons derived from GD patients showed alterations in morphology,
energy metabolism, and mitochondrial dysfunction (Schondorf et al., 2018, Li et
al., 2019). Importantly, mitochondrial defects were more exacerbated in GBA
wt/L444P mice and in primary neuronal cultures derived from the same mice. The
defective mitochondrial dysfunction detected in wt/L444P mice was more
exacerbated after being exposed to MPTP treatment (Yan et al., 2018). This
observation was suggestive that L444P GBA heterozygous mutation can lead to
mitochondria defects both in vitro and in vivo.
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1.10 Hypothesis and Aim of work
GBA gene mutations are numerically the most important predisposing factor for
developing PD. We hypothesized that heterozygous L444P mutation is implicated
in the pathophysiology of PD through a gain-of-toxic function as a result of
trapped mutant misfolded GCase in ER with subsequent induction of ER stress
and unfolded protein response (UPR). Failure to properly refold GCase may
ultimately lead to ER associated degradation (ERAD) with a concomitant
impaired trafficking of enzyme to lysosomes. This secondary loss-of-function
effect may therefore perturb the lysosomal function and consequently result in
defective protein quality control leading to A-SYN dysmetabolism and
mitochondrial impairment observed in PD pathogenesis.
In addition, it is well established that homozygous L444P mutations cause type 2
and 3 GD which are severe clinical subtypes associated with death in infancy or
early adolescence Also, patients with homozygous L444P mutations will not
reach an age to develop PD. We therefore sought to investigate the effects of
heterozygous L444P mutation.
The aim of this work will be to investigate the effect of heterozygote L444P
mutation in human dermal fibroblasts and mouse cortical neurons. We will be
studying specifically the pathological process involved in PD progression
including defects in A-SYN dysmetabolism caused by ALP and UPS dysfunction,
ER stress and UPR, mitochondrial dysfunction and cell death. Since
dopaminergic neurons in the substantia nigra are the most vulnerable type of
cells affected in PD, the above mechanisms will also be investigated in
differentiated dopaminergic SH-SY5Y cells treated with the GCase inhibitor CBE
or over expressing L444P GBA.
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2.Material and methods
2.1

Cell lines and Cultures

2.1.1 Chemical and Reagents used in Cell Cultures
Unless otherwise stated, chemicals and reagents used in culturing MCN,
fibroblasts and different differentiating SHSY5Y cell lines were obtained from
Sigma (Gillingham, Dorset, UK) and ThermoFisher Scientific (Paisley, UK).
2.1.2 Human Dermal Fibroblast Culture
Establishment of fibroblast cultures was done previously by members of our
laboratory following experimental approach and guidelines described in (section
3.3). Dermal fibroblasts were generated following local ethical approval from the
Hampstead Research Ethics Committee; reference number 10/H0720/21. All
individuals provided a written informed consent. Briefly, human dermal fibroblasts
lines used in the experiments were obtained from 5 wild type and 5 L444P
heterozygous mutants with and without PD (Table 0.3).

Table 0.3 Demographic data of human dermal fibroblast lines used in this project.

Patient

Age at time of
Biopsy (years)

Gender

Genotype

+/- PD

Ctl9

52

F

wt/wt

––

EOR

50

F

wt/wt

––

JEC

82

F

wt/wt

––

JER

52

F

wt/wt

––

MCL
CHM

59
72

M
M

wt/wt
wt/△

––
+PD

TCH

45

F

wt/△

––

MBA

67

M

wt/△

––

BSL

85

M

wt/△

+PD

PJR

62

M

wt/△

––
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The culture media was comprised of Dulbecco’s Modified Eagle Medium (DMEM)
with 1X Glutamax and Glucose (4.5 g/L) supplemented with 10% (v/v) Fetal
bovine serum, Sodium Pyruvate (1mM final concentration), 50U/ml Penicillin, 50
g/ml streptomycin antibiotics, and 0.1 mM of NEAA: (glycine, L-alanine, Lasparagine, L-aspartic acid, L-glutamic acid, L-proline and L-serine). For routine
cell culture, each cell line was passaged in 10cm plate when reaching 80%
confluent by trypsinization for enzymatic detachment. Cells were washed once
with 1X Sterile phosphate buffered saline (PBS) and incubated in 1ml of trypsin
(0.25% (w/v) trypsin in Versene) for 5 minutes at 37°C. Plates were then tapped
to encourage mechanical detachment and after neutralizing trypsin with growth
media, cells were centrifuged at 200 xg for 5 minutes at room temperature (RT)
to produce cell pellet.
Following this, supernatant was discarded and pellets were resuspended in either
fresh media and re-plated accordingly (usual dilution1:3) or in freezing medium
(1/3 of 80% confluent plate in 90% (v/v) FBS, 10% (v/v) DMSO) and
cryopreserved in a stepwise manner starting first with -80 °C then transferred to
Liquid Nitrogen for maintaining cell line stock.

2.1.3 Primary Neuronal Culture (Mouse Cortical Neurons (MCN))
Mice were treated in accordance with local ethical committee guidelines and the
UK Animals (Scientific Procedures) Act 1986. The colony was maintained under
project license 70/7685 issued by the UK Home Office. B6;129S4Gbatm1Rlp/Mmnc (000117-UNC) mice expressing heterozygous knock-in L444P
mutation in the murine GBA gene (L444P/+ mice) were purchased from the

61

Mutant Mouse Regional Resource Centre (MMRRC; Davis, CA, USA), (Liu et al.,
1998).
For setting up mouse cortical neuronal (MCN) cultures, primary neuronal cultures
were prepared from embryonic day 15-17 mouse brain following the standard
procedures. Briefly 6 wells plates were first coated with1ml of 0.1 mg/ml polyornithine solution for an hour. After removing poly-ornithine, each well washed
with 1 ml 1xPBS and left to dry in hood for 60 minutes prior to experiment.
Dissected head and body of each embryo was placed separately in ice cold PBSG (1.6% (w/v) glucose in PBS). A shallow cut of skin along midline to snout was
made and peeled back to scoop out the cortex. Cerebellar tissue was taken from
each embryo and stored at -20°C for genotyping. The 2 cortices were then placed
in a small petri dish with 1mL of PBS-G (1dish/brain) after removing meninges
under the microscope. Homogenization of the dissected cortex was done several
times with a syringe (23G) until 100% homogeneous. Homogenate was then
transferred to a 15mL Falcon tube (with 1mL of PBS-G) and incubated for 10
minutes at RT to allow debris to settle. After discarding debris, homogenate was
centrifuged for 10 minutes at 500 x g with supernatant aspirated from the resulting
cell pellet. Neurons were resuspended in serum free neurobasal medium
supplemented

with

1X

B27

supplement,

1x

Glutamax

and

5

ml

antimycotic/antibiotic solution. Typically, 2 cortices were seeded in to 6-wells at
a cell density of 1X106 cells/ 2 wells. Cultures were maintained in a humidified
37°C incubator with 5% CO2 for no longer than 14 days with media replaced
every 3 days. At end of experiment, conditioned media was collected and the
detached cells and debris were removed by centrifugation at 200 xg after which
the media were frozen at -80°C. Neurons were harvested with 100l trypsin/well
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and following neutralization with media, easily detached cell monolayer was
collected using 1ml pipette and centrifuged at 200 xg for 5 minutes. Cell pellet
was resuspended in 1X PBS and recentrifuged for another 5 minutes after which
supernatant was discarded and pellets were frozen at -80°C for downstream
experiments.
For cell viability assay, neurons were cultured in 96 well plate precoated with
poly-ornithine solution, seeded with PFFs (5 μg/ml) on 4 or 5 DIV and assay was
conducted on 14 DIV.

2.1.4 Generation of Overexpressing (O/E) WT GBA and (O/E) wt/L444P
GBA SH-SY5Y Cell Lines
The human neuroblastoma SH-SY5Y cell lines were obtained from the European
Collection of Cell Cultures and cultured in DMEM/F-12 Nutrient Mix (1:1) with
GlutaMAXTM-I supplemented with 10 % (v/v) fetal calf serum (FCS, BioSera),
penicillin (50 U/ml final), streptomycin (50 ng/ml), sodium pyruvate (1 mM) and
non-essential amino acids.
Human wild-type GBA or mutant L444P GBA in mammalian expression vector
pCDNA3.1 (generated by David Chau, Department of Clinical and Movement
Neurosciences, UCL) were transfected from low passage SH-SY5Y parental cell
line using xtreme GENE HP DNA transfection reagent (generated by Dr. Matthew
Gegg, Department of Clinical and Movement Neurosciences, UCL). Briefly, 2 x
105 cells/ml were seeded in complete culture medium, transfected with a mix of
1 µg plasmid DNA and 1 µL of transfection reagent and were passaged 72 hours
after transfection. Stable cell lines expressing the constructs were selected by
supplementation of culture media with 400 µg/ml G418. Colonies were harvested
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and cultured individually and positive clones were analyzed for the presence of
GBA by mRNA analysis and western blot.

2.1.5 Growing Parenteral SH-SY5Y, (O/E wt/wt SNCA), (O/E A53T SNCA),
(O/E wt/wt GBA) and (O/E wt/L444P GBA)
The two SH-SY5Y lines C205 (O/E wt SNCA) was kindly provided by Dr. Mark
Cooper (Department of Clinical and Movement Neurosciences, UCL) and have
been described elsewhere (Chau et al., 2009).
All undifferentiated SH-SY5Y lines were cultured in DMEM: F12 (1:1) growth
medium supplemented with 10% (v/v) fetal bovine serum, Sodium Pyruvate
(1mM final concentration), (50U/ml Penicillin and 50 µg/ml streptomycin)
antibiotics, and NEAA: (0.1 mM of: glycine, L-alanine, L-asparagine, L-aspartic
acid, L-glutamic acid, L-proline and L-serine) at 37°C and 5% CO2. Each line was
grown in 10cm plate, and was passaged at 80% confluency via trypsinization.
Cells were washed once with 1X PBS and incubated 1ml of trypsin (0.25% trypsin
in Versene) for 1-2 minutes at 37°C and plates were gently tapped to encourage
mechanical detachment. After neutralizing trypsin with growth media, Cells were
centrifuged at 200 xg for 5 minutes at room temperature (RT) to pellet cells. After
discarding supernatant, pellet was resuspended in either fresh media and replated accordingly (usual dilution was 1:3) or in freezing medium (1/3 of 80%
confluent plate in 90% (v/v) FBS, 10% (v/v) DMSO) and cryopreserved in a
stepwise manner starting first with -80°C then transferred to Liquid Nitrogen for
maintaining cell line stock.
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2.1.6 Differentiation of Parenteral SH-SY5Y, (O/E wt/wt SNCA), (O/E A53T
SNCA), (O/E wt GBA) and (O/E wt/L444P GBA)
The current PD research is mostly performed on SH-SY5Y cells due to the
challenges in obtaining dopaminergic neurons and maintaining them as a primary
cells. In addition, SH-SY5Y cells are human in origin, easy to maintain and have
neuronal preparties. Therefore, different differentiation protocols have been
applied to establish a permanently neuronal cultures from these cells (Xicoy et
al., 2017, Sidell, 1982). The rapid and simple procedure presented herein, for
generating a fully differentiated dopaminergic SH-SY5Y cell model, was based
on modifying previous old protocol reported in (Farooqui, 1994). We determined
an optimization of the seeding density for at least 10 days of both the parental
SH-SY5Y line and those overexpressing wild-type and mutant proteins. Such a
procedure yields a 100% homogenous cell population with a neuron–like
phenotype, little proliferation and increased tyrosine hydroxylase (TH) expression
(both mRNA and protein). Prior to differentiation, either 6 well plates or 60mm
dishes were coated first with 1 ml/well of 0.1 mg/ml poly-ornithine solution for an
hour. After removing poly-ornithine, each vessel was washed with 1 ml 1xPBS
and recoated with the extracellular matrix proteins, 2µg/ml fibronectin and 1µg/ml
laminin in 1XPBS for another 1 hour. Coating solution was aspirated immediately
before seeding cells with no need for another PBS wash and SH-SY5Y lines were
harvested by trypsinization as described above. Each SH-SY5Y pellet was
resuspend in 1ml of differentiation media comprised of neurobasal media and
supplemented with 1X B27, 50U/ml Penicillin and 50 µg/ml streptomycin
antibiotics, 30µM retinoic acid (RA), and 10ng/ml of recombinant human brain
derived neurotrophic factor (BDNF; R&D Systems, Abingdon, UK). An aliquot of
cells was diluted 1:5 in media and mixed with trypan blue in a ratio of 1:1 after
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which cells of each SH-SY5Y line were counted and seeded at density of 3x
105cells/ml in to the previously coated vessels in volume of 1.5 ml/ well in 6-well
plate and 4 ml/60 mm plate. The initial density was further optimized for SH-SY5Y
(O/E wt/wt SNCA) cell line to be 4.5 x 105 cells/ml as they developed some cell
death between 4 and 7 DIV. During differentiation, media were replaced every 2or 3-days with all treatments protected from light. The 10 days of culturing SHSY5Y lines in RA induced a full neuronal differentiation and neurite outgrowth
with the simultaneous addition of BDNF to improve the cell survival.
In a parallel culture, we differentiated parenteral SH-SY5Y line using the old
method (n=1). The 60mm culture plate was not coated prior to seeding and no
BDNF was used. Additionally, seeding density was as low as 0.4 x 105 cells/ml
and cells were cultured instead in DMEM/F-12 nutrient supplemented with 10 %
(v/v) fetal calf serum as outlined in (section 2.1.5) with retinoic acid (RA) added
in a concentration of 30µM for ten days. The different neuronal morphology
between the new and older method is shown in (Figure 0.8).
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Figure 0.8 Differentiation of SH-SY5Y cell lines (new vs old method). (A, B): Light
microscopic images of differentiated of SH-SY5Y cell lines (new vs old method),
pictures taken on 10DIV; (A) Effects of (30 μM RA + 10 ng/ml BDNF) treatment in
differentiating normal parental SH-SY5Y cells for 10 days showing complex neuronal
morphology and no longer divide (×10, Scale bar represents 25 μM), black arrows
indicate neurites and red asterisks indicate cell bodies. (B): The boxed region in (A) is
shown on the right at higher magnification (×10). (C) Differentiated normal SH-SY5Y
cells cultured for 10 days using the old method (×20); DMEM: F12 media supplemented
with 10% FCS and 30 μM RA was unsuitable for the complete acquisition of complex
neuronal network, cell islets were sparse showing less neurites extension and
apparently retaining higher proportion of morphologically distinct substrate adherent
(S) type cells.
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2.1.7 Pharmacological Treatment Invitro
2.1.7.1 Bafilomycin A1 treatment
Upon harvesting either fibroblast or MCN cultures, 0.2μM of Bafilomycin
A1(Sigma) was added to plate to measure macroautophagy flux. treated cells
were incubated for 4 hours (fibroblasts) and 6 hours (MCN) at 37C incubator
until the time of collection.
2.1.7.2 Epoxomicin Treatment
Sub-confluent human skin fibroblasts, grown on 10cm plates, were treated with
25nM of proteasomal inhibitor Epoxomicin 24 hours prior to collection. Following
this step, the obtained cell lysates were subjected to Endo-H assay and western
blot analysis as described in (section 2.5.12).
2.1.7.3 GW4689 Treatment of Mouse Cortical Neurons
2.5mM/well of neutral sphingomyelinase inhibitor (GW4689) was used to treat
mouse cortical neurons cultured in 12 well plate 24hours prior to collection. At
time of collection, the obtained conditioned media were stored at -80°C until the
time of downstream analysis by dot blot.
2.2

Immunocytochemistry Staining of Cultured Mouse Cortical Neurons

MCN were prepared and cultured as described above on poly-ornithine coated
glass coverslips for 10 days. coverslips following three PBS washes were first
fixed by applying 4% (w/v) fresh paraformaldehyde (Santacruz) in 1xPBS for 15
minutes at room temperature (RT) and permeabilized with 0.1% (v/v) TX-100 in
1xPBS for another 10 minutes. Cells were then blocked with 150μL of (5 % v/v)
of normal goat serum (Sigma) in 1xPBS with 0.1% (v/v) TX-100 for 30 minutes at
37C in a humidified atmosphere. Subsequently, slips were drained and
incubated with 150 μL of diluted primary antibody in the dilutions specified in
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(Table 0.5) with1x PBS+0.1% (v/v) TX-100 for 45 minutes at 37C in a humidified
atmosphere. Following this, cells were incubated with 100 l of 1:200 diluted
secondary antibody tagged with an Alexa® fluorophore (Table 0.5) in 1xPBS +
0.1% (v/v) TX-100 for 30 minutes at 37C in a humidified atmosphere. Coverslips
were washed 3 times with 1xPBS between each step. Finally, cover slips were
mounted in Citifluor/PBS/glycerol supplemented with 2 g/ml of DAPI (4',6diamidino-2-phenylindole, Sigma) and cells were visualized using a Zeiss
Axioplan fluorescent microscope using a 40X objective. Images were acquired
using a CoolSNAP MYO digital camera (Photometrics, Tuscon, AZ, USA) and
processed using Image J software (NIH, Bethesda, MD, USA).
2.3

Genotyping of Mouse tissues and human fibroblasts

Unless otherwise stated, chemicals were obtained from Sigma or ThermoFisher
Scientific.
2.3.1 Mouse Tissue Digestion
Samples (cerebellar tissue) were collected for genotyping and digestion mix was
made Direct PCR lysis buffer (Viagen) supplemented with 1mg/ml proteinase K.
Digestion was carried out in 200 μL overnight at 58°C followed by 85°C for the
last 45minutes.
2.3.2 Polymerase Chain Reaction (PCR) for Mouse Genotyping
GoTaq PCR kit was supplied by Promega. This ready-to-use, optimized kit
includes everything required for high-fidelity PCR except primers and dNTP mix.
Both were purchased from euro-Fins for amplification of wt/L444P in mice
transcripts. Sequence of each primer is displayed in (Table 0.4).
Briefly and as per manufacture instructions, PCR mix/sample was made of (0.4
μL 40 mM dNTP mixture, 0.2 μL taq polymerase (0.4 units), 1μL of each forward
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and reverse primer (0.5 μM final concentration), 4 μL 5X GoTaq buffer, 1-2μL of
DNA, and 12.25 μL of RNAse/DNAse free H2O). PCR was set with an initial
activation step at 95°C for 2 minutes. This was followed by 35 cycles of complete
denaturation of all double stranded DNA at 98°C for 15 seconds, primer
annealing at 58°C for 60 seconds and extension at 72°C for 60 seconds after
which a final extension step was set at 72°C for 5 minutes, (Figure 0.9). Correct
DNA product (550 bp) was assessed by running on 2% agarose gel
electrophoresis.

Figure 0.9 PCR cycle steps for amplifying wt/L444P of mice transcript.
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2.3.3

Agarose Gel Electrophoresis

2 % (w/v) of Agarose (Bioline) was added to 1x TAEbuffer (comprised of 40 mM
Tris, 20 mM acetate and 1 mM EDTA at pH 8.6) and dissolved in a microwave.
Once cooled, 10 μL of SafeView DNA/RNA stain (NBS Biologicals) was added to
the solution which was then poured into a gel compartment and allowed to set.
The gel was submerged in a 700ml of 1xTAE buffer and loaded with 5μL of each
PCR sample with water blank included as a negative control. Electrophoresis ran
at 100 V for 30 minutes and nucleic acids were visualized with GelRed program
on ChemiDoc imaging system (BioRad) using Hyper ladder 1Kb (Bioline).
Visualization of single band about 550Kb in size was considered positive for
heterozygous L444P mutant. Remainder of samples were sent for Sanger
sequencing at Source Bioscience (Cambridge, UK) using L444P forward and
reverse primers in (Table 0.4) and sequences were checked using Genome
Compiler software.
2.3.4 Sequencing Protocol for Fibroblasts
Qiagen RNeasy kit was used for RNA isolation and nanoScript2 reverse
transcription kit (PrimerDesign) was used for cDNA synthesis as per
manufacturer’s instructions. RNA, isolated from homogenized fibroblasts cell
pellets, was eluted in RNase and DNase free water and its concentration was
calculated using a Nanodrop (ThermoScientific). 500ng of RNA was converted to
cDNA using nanoScript2 reverse transcription kit (PrimerDesign). Briefly, RNA
was annealed to oligodT and random nonamer primers for 5 minutes at 65°C.
Each sample was then mixed with 1X reaction buffer, 0.5 mM dNTPs and 1μL of
reverse transcriptase and incubated at 25°C for 5 minutes, 42°C for 20 minutes
and 75 °C for 10 minutes.
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PCR master mix for genotyping was prepared using 0.2 μL Phusion Green HS II
HF PCR Taq polymerase (2U/µL), 1μL 40 mM dNTP mix), 1μL of each Primer
(GP551/552,10 μM each), 4 μL 5X Phusion Taq buffer, 1μL of cDNA and 12.25
μL of RNase/DNase free H2O). PCR was set with an initial activation step at 98°C
for 30 seconds. This was followed by 35 cycles of complete denaturation of all
double stranded DNA at 98°C for 10 seconds, primer annealing at 63°C for 30
seconds and extension at 72°C for 30 seconds after which a final extension step
was set at 72°C for 10 minutes (Figure 0.10). Correct DNA product was assessed
by running on 2% agarose gel using Hyper ladder 1Kb (Bioline) and visualization
of single band about 550Kb in size was considered positive for GBA amplicon.
Samples were sent for Sanger sequencing at Source Bioscience using GP551
and GP552, (Table 0.4). Sequences were checked using Genome Compiler
software, (Figure 0.11).

Table 0.4 Nucleotide sequences of primers used to amplify DNA from mouse tissue
and human GBA L444P. GP551 and GP522 primers were used for human dermal
fibroblast sample sequencing whereas L444P primers used for sequencing mouse
samples.

Primer

Sequence

L444P F

CCCCAGATGACTTGATGCTGG

L444P R

CCAGGTCAGGATCTCTGATGG

GP551

5ʹ- CAACACCATGTCCTTTGCCTC -3ʹ

GP552

3ʹ- CGCCACAGGTAGGTGTGAATG -5ʹ
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Figure 0.10 PCR cycle steps for amplifying human GBA L444P.

Figure 0.11 DNA sequences results of wildtype and L444P heterozygous human
dermal fibroblasts. Sequences are showing WT codon (CTG, Leu; underlined in red)
in control fibroblasts (JEC) and WT codon (CTG, Leu) or mutant codon (CCG, Pro) in
WT/L444P mutant patient derived fibroblast line.

73

2.4

Treatment of Cultured SH-SY5Y and Mouse Cortical Neurons with
Preformed Alpha-Synuclein Fibrils (PFFs)

Alpha-synuclein (A-SYN) in its fibrillar form (PFFs) has been shown to induce the
conversion of endogenous soluble a-synuclein into insoluble forms which
aggregate and become phosphorylated at Ser129, (Grassi et al., 2018, Tapias et
al., 2017). Animal models have shown that the A-SYN fibrils, but not monomeric
forms, can cause spread of Lewy body-like pathology in mouse brain and is
associated with cell death of particular neuronal populations (Luk et al., 2012).
The fibrils used in the project have been made and extensively characterized by
the laboratory of Professor Vittorio Bellotti (UCL Amyloidosis Centre). Members
of Department (Dr M Gegg and Dr M Di Stefano) have shown that these fibrils
can induce aggregation of A-SYN in control neurons within 10 days of treatment
(unpublished data). Also, the same source of PFFs also induces A-SYN
pathology in vivo following striatal injection of mice (Izco et al., 2019). Different
differentiated SH-SY5Y cell lines and cultured mouse cortical neurons treated
with PFFs were investigated for downstream events such as formation of
insoluble/aggregated/phosphorylated A-SYN, cell death, and or mitochondrial
dysfunction.
Briefly, cells were cultured in respective media until they were ready for treatment.
In case of MCN, neurons were treated with PFFs on 4 or 5 DIV whereas
differentiating SH-SY5Y cells were seeded with PFFs on 3 or 4 DIV when cells
were beginning to show neuronal morphology and not noticeably proliferating.
To improve seeding activity and normalize fibril size/length, 50 μL of PFFs stock
(2mg/ml in PBS) was aliquoted in to Eppendorf and fragmented to smaller size
through sonication for 5 seconds with some foam and aerosol forming in tube.
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Sonicated PFFs were then diluted in to previously prepared respective culture
media with all supplements added with final concentration of 5μg/ml. Cultures
were treated for 3 days with PFFs (1.5 ml/6well and100µL/96 well plates).

Figure 0.12 Time line guide of culturing mouse cortical neurons and differentiation of
SH-SY5Y cell lines. (A): Culturing and collecting mouse cortical neurons ± PFFs
seeding. (B): Differentiation of different SH-SY5Y cell lines ± CBE and PFFs treatment.
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An equivalent volume of monomeric A-SYN species at a final concentration of 5
μg/mL of monomer was added initially on 6-well plates. However, as there was
no accumulated insoluble phosphorylated A-SYN or HMW species observed in
this case, we continue our downstream experiments treating cells with only PFFs.
Culturing continued with regular media changes for at least 10 days (3 days in
presence of PFFs and then at least another 7 days of media changes).
Furthermore, during differentiating SHSY5Y cell lines, GCase activity was
modulated by a 10 days course of continuous treatment with 10μM of conduritolb-epoxide (CBE), (sigma). Treatment commenced on 3DIV and was repeated
every 3 days to maintain complete inhibition of the enzymatic activity, (

Figure 0.12). Cells were harvested as described in (section 2.1.3) and upon
harvesting MCN and differentiated SH-SY5Y cultures, 1ml of conditional media
was collected from each sample, centrifuged at 200 xg for 10 minutes and
supernatant was stored at -80°C until time for dot blot analysis.
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2.5

Tissue Processing, Western Blotting and Biochemical Assays

2.5.1 Reagents Used in Cell/Tissue Homogenizing
All chemicals used in tissue processing were obtained from SigmaThermoFisher
Scientific Unless otherwise stated.
2.5.2 Lysis Buffer Recipes
RiPA (radioimmunoprecipitation assay) lysis buffer: 20 mM Tris-HCl (pH 7.5),
150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% (v/v) Triton X-100, 2.5 mM
sodium pyrophosphate, 1 mM beta-glycerophosphate, 1 mM Na3VO4, 1 µg/ml
leupeptin}, (Cell Signaling), HEPES lysis Buffer: 50mM HEPES, 5mM Na2EDTA,
150 mM NaCl and 1% (v/v) Triton X-100 used for lysing fibroblast cell pellets
before conducting proteasomal assay.

2.5.3 Detergent Used in Preparation of Triton X-100 Soluble and Insoluble
Fractions of A-SYN
Used in sequential lysis of both SHSY5Y cell lines and MCN cultures: Triton X100 buffer:50 mM Tris, pH 7.5, 750 mM NaCl, 5 mM EDTA in 1% (v/v) Triton X100. Urea-SDS buffer: 10 mM Tris, pH 7.5, 8 M urea in 2% (w/v) SDS, RQ1
DNase 10x Reaction buffer Ref (Promega, Southampton, UK), RQ1 RNase-free
DNase (Promega), 1xPhosphatase inhibitors and 1xHalt™ Protease Inhibitor
Cocktail, (ThermoFisher scientific).
2.5.4 Reagents and Buffers Used in Western Blotting
10x LDS reducing agent (NP0009), 4x LDS sample buffer (NP0007), 20X
MES(NP0002) or MOPS (NP0001) running buffers,12% NuPage Bis-Tris gel
(NP034) and 4-12% NuPage Bis-Tris gel gradient (NP032) were all supplied by
life Technologies. Pageruler prestained protein ladder (ThermoFisher) used to
measure protein size, immobilon-P transfer membrane PVDF (IPVH00010)
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used for transfer and either Amersham ECL (RPN2209) or immobilon Forate,
western HRP substrate (WBLUF0100) reagents were used for western blotting
detection.
2.5.5 Antibodies Used in WB, Dotblot and ICC
All antibodies applications and dilutions used in this project are displayed in
(Table 0.5).
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Table 0.5 Antibodies used in this project
Antibody
Anti-beta Actin antibody (ab8227)

supplier
Abcam

Recombinant Anti-GAPDH antibody [EPR6256] - Loading Control
(ab128915)
Anti-Alpha-synuclein filament antibody
ab209538
Anti-Tyrosine Hydroxylase antibody - Neuronal Marker (ab112)

Abcam

Host Species

dilution used

Application

rabbit

1/5000

WB

rabbit

1/2500

WB

1/500

Dot blot/ICC

Abcam

rabbit

Abcam

rabbit

1/1000

WB

Anti-GAPDH antibody [6C5] - Loading Control (ab8245)

Abcam

mouse

1/2500

WB

LC3B Antibody#2775
Recombinant Anti-LIMPII antibody [EPR12080] (ab176317)

Cell signalling

rabbit

1/1000

WB

Abcam

rabbit

1/1000

WB

CD63 Antibody (H-193): sc-15363

Santa Cruz
Biotechnology

rabbit

1/1000

WB

Anti-GRP78 BiP antibody (ab21685)

Abcam

rabbit

1/1000

WB

Anti-COX IV antibody (ab14744)

Abcam

mouse

1/1000

WB

Anti-Cathepsin D antibody [CTD-19] (ab6313)
Anti-GBA antibody (ab55080)

Abcam

mouse

1/2000

WB

Abcam

mouse

1/2000

WB

Abcam

rabbit

1/1000

WB

Purified Mouse Anti-Rab11
Clone 47/Rab11 (RUO)

BD Transduction
Laboratories

mouse

1/1000

WB

Anti-SQSTM1 / p62 antibody - Autophagosome Marker (ab56416)
Anti-Alpha-synuclein antibody [4D6] (ab1903)

Abcam

mouse

4/5000

WB

Abcam

mouse

1/1000

WB

Anti-Flotillin 1 antibody (133497)

Antiglial fibrillary acidic protein Ab, clone GA5, (636513)
Anti-Neuron specific beta III Tubulin antibody ab229590

Merck

mouse

1/500

ICC

Abcam

rabbit

1/200

ICC

Abcam

rabbit

Recombinant Anti-Iba1 antibody [EPR16588] (ab178846)
Polyclonal Goat Anti-Rabbit Immunoglobulins P0448

Abcam

rabbit

1/500

ICC

Dako

goat

1/1500

WB

Polyclonal Goat Anti-Mouse Immunoglobulins P0447

Dako

goat

1/2500

WB

Anti-Rabbit IgG (H+L) Highly Cross-Adsorbed Secondary
Antibody, Alexa Fluor 488Cat#A32731

Thermofisher

goat

1/200

ICC

Chicken anti-Mouse IgG (H+L) Cross-Adsorbed Secondary
Antibody, Alexa Fluor 594

Thermofisher

Chicken

1/200

ICC

Merck

rabbit

1/500

Dot blot

Anti-Glucocerebrosidase
(C-terminal) antibody produced in rabbit

Merck

rabbit

1/1000

ICC

Recombinant Anti-Hsc70 antibody [EP1531Y] (ab51052)

Abcam

rabbit

1/1000

WB

Anti-LAMP1 antibody - Lysosome Marker (ab24170)

Anti-AIP1/ALIX , Cat. No. ABC40,

Anti-LAMP2A antibody (ab18528)

1/4000

WB

Abcam

rabbit

1/1000

WB

Recombinant Anti-Alpha-synuclein (phospho S129) antibody
[EP1536Y] (ab51253)

Abcam

rabbit

1/1000

WB

eIF2α (D7D3) XP® Rabbit mAb #5324

Cell signalling

rabbit

1/2000

WB

Cell signalling

rabbit

1/1000

WB

GeneTex

rabbit

1/500

WB

mouse

1/5000

WB

Phospho-eIF2α (Ser51) (D9G8) XP® Rabbit mAb #3398

Anti CHOP antibody (GADD153 antibody, GTX116032)

Anti SDHA1 antibody (ab14715)

Abcam
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2.5.6 Lysate Preparation (Cell Lysis), Preparation of Protein Extracts and
Conditioned Medium
Defrosted cell pellets were lysed in the appropriate lysis buffer to yield between
0.5 and 3 mg/ml of protein concentration (see respective methods). Briefly, 50
and 75 μL were used to lyse neurons in 6 well plate and fibroblast from ¾ 10 cm
plate respectively whereas ~30μL was used for lysing differentiated SHSY5Ycells sequentially. Pellets were resuspended in lysis buffer and incubated
on ice for 30 minutes with vortexing every 10 minutes. Lysate was then
transferred to microcentrifuge tubes and centrifuged at 17,000 xg for 15 minutes
at 4°C. Supernatant was kept for downstream assays and all preparations were
performed in the presence of 1x protease inhibitor cocktail.
2.5.7 Bicinchoninic

Acid

Assay

(BCA)

for

Determining

Protein

Concentration,
Protein concentration was measured using Pierce BCA assay kit. The principle
of this reaction is based on the colorimetric detection of the total protein amount
present in the lysate. This assay relies on the conversion of copper ions to the
reduced form (Cu+) by protein present in the solution and the subsequent bonding
of bicinchoninic acid Cu+ to form a complex with purple color. The absorbance of
this complex was measured at a wavelength of 562 nm using BioTek Synergy HT
multi-mode Microplate reader.
Briefly, in a 96 well plate, 2.5μL of each sample lysate was dispensed in
duplicates and diluted with 22.5μL of dH2O. Working solution was prepared in
(50:1) ratio of reagent A: reagent B. 200μL of working solution was then applied
to each sample followed by incubation for 15 minutes at 37°C incubator. To
calculate the standard curve, serial dilutions of Bovine Serum Albumin (BSA),
(ThermoFisher) were loaded as a standard (0 to1000μg/ml). After blotting the
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standard curve, all absorbance measurements were translated to protein
concentrations using the standard curve line equation.
2.5.8 Homogenizing Adult Mice Brain Tissue
Midbrain and cortex were dissected from adult Wt/L444P mice following schedule
1 methods by Dr M Gegg and stored at -80 ºC. Adult mice brain tissue samples
(22-131mg) were weighed in microfuge tubes and each 10 mg of tissue was
extracted

in

100µl

of

1%(v/v)

TX-100

supplemented

with

1x

protease/phosphatase inhibitors. Samples were incubated on ice for 15 minutes
after which homogenate was centrifuged at 17,000 xg for 10 minutes at 4 ºC.
Supernatant was placed in fresh tube and protein concentrations were
determined using BCA.
2.5.9 Gel Electrophoresis and Western Blot
10 or 20μg of protein depending on the protein of interest (18 μL final volume)
was mixed with 2 μL of 10x LDS reducing agent and 6μL of 4x LDS sample buffer.
Samples were heated at 70°C for 10 minutes (except urea-SDS fractions) to
ensure complete denaturation of protein prior to running on either gradient (412%) or 12% Bis_Tris NUPAGE gels at a voltage of 200v for 45 minutes.
Following running gels, separated proteins were transferred to immobilon-P
transfer membrane PVDF (IPVH00010) where the transfer unit was assembled
as shown in (Figure 0.13) with all layers soaked in towbin buffer (0.025M Tris,
0.192 mM glycine, 20% (v/v) methanol) and transferred at 30V for 60 minutes.
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Figure 0.13 Assembling of transfer unit.

Following the transfer, blot was blocked for 60 minutes in 5 ml of 10% (w/v)
skimmed milk in 1x PBS and incubated with primary antibody at dilution specified
in (Table 0.5) and in incubation buffer (0.4% (v/v) Tween-20, 5% (w/v) skimmed
milk powder in PBS) either for 60 minutes at RT or overnight at 4°C.
Subsequently, respective secondary antibodies (Table 0.5) conjugated to
horseradish peroxidase was applied for 45-60 minutes at RT. Blots were washed
between and after antibody incubations with 0.4% (v/v) Tween-20 in 1xPBS as
follows; briefly for 2 times followed by two longer washes, each of which for 5
minutes. Protein bands were visualized by enhanced chemiluminescence using
either of western blotting detection reagents mentioned in (section2.5.4). Band
densitometry was performed using Image-lab software and the volume of each
protein was quantified relative to that of either βactin or GAPDH (loading controls)
to measure the amount of protein of interest. As A-SYN monomers can easily
detached from the transferred membranes during incubation with primary
antibody, we applied the method reported by (Sasaki et al., 2015) for better
detection of A-SYN, in both phosphorylated and nonphosphorylated state. After
transfer, cut was made at 25kDa region and the bottom part of the blot was fixed
with 4% paraformaldehyde (Santa-Cruz, CA, USA) containing (0.01v/v)
glutaraldehyde for 30 minutes. Following fixation, the blot was washed 3times
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with 0.4% (v/v) Tween-20 in 1xPBS for 5 minutes. Next, both fixed and non-fixed
parts of the membranes were blocked and processed the same way as above.
2.5.10 Sequential Extraction of Cell Cultures
The detergent Triton X-100 is a good general-purpose detergent for preparing
lysates. However, it cannot solubilize lipid rafts, proteins that have aggregated
and become insoluble, or lysed nuclei. Therefore, to investigate insoluble proteins
such as A-SYN, in its insoluble or aggregating forms, we needed to solubilize
material with the chaotropic reagent urea and the anionic detergent sodium
dodecyl sulphate (SDS).
Either fresh or defrosted differentiated SH-SY5Y and cortical neurons cell pellets
were prepared for sequential extraction of soluble and insoluble fractions of ASYN. Briefly, pellets were first lysed in the appropriate volume of high salt 1%
(v/v) TX-100 buffer (30μL for SH-SY5Y and 50μL for MCN) supplemented with
1X protease and 1X phosphatase inhibitor cocktails,10% (v/v) of RQ1 DNase
buffer and 4 units of DNase per sample (Promega). Suspended cells were kept
on ice for 15 minutes with vortexing every 5 minutes and cleared by centrifugation
at 17,000xg at 4 °C for 20 minutes yielding soluble proteins in the supernatant.
The pellets containing nuclei, cell debris and insoluble proteins were then
solubilized in 8M urea and (2% w/v) SDS, 1X protease and phosphatase
inhibitors and 4 units of DNase/sample. Resuspended pellets were kept at room
temperature for 15 minutes with vortexing every 5 minutes and cleared by
centrifugation at 17,000xg at 4 °C for 20 minutes. Both fractions were then
separated by SDS-PAGE and western blotted for protein(s) of interest (section
2.5.9).
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2.5.11 Quantification of Lysosomal Hydrolases Enzymatic Activity
For GCase assay, 10mM of fluorogenic substrate, (4–methyl umbelliferyl–β–D–
glucopyranoside (MUGLc) was assayed in the presence of 149mM sodium
taurocholate, (NaT). Fluorogenic substrates 4-methyl-umbelliferyl-N-acetylglucosaminide (8mM) and 4-methylumbel-liferyl-b-D-galactopyransoside (1mM)
were used in β-hexosaminidase and β-galactosidase enzyme assays
respectively. In all experiments, 5μM of 4-methylumbelliferone was used as a
standard and all enzymatic activities were measured in duplicates for each
sample.
2.5.11.1 GCase Assay
The general principle of adding sodium taurocholate (NaT) is to inhibit the
cytosolic glucocerebrosidase (GBA2) and activate lysosomal associated
glucocerebrosidase (GBA1), (Wenger et al., 1978). At acidic pH, βglucocerebrosidase hydrolyses the substrate MUGLc to 4–methylumbelliferone
and glucose. Adding alkaline buffer stops the enzymatic reaction and causes 4–
methylumbelliferone to fluoresce at a different wavelength. When setting up
GCase assay, 5μL McIlvaine citrate–phosphate buffer (MV; 0.1 M citric acid,
0.2M Na2HPO4, pH 5.4) and 3μL 149mM NaT were mixed and dispensed into 96well plate with 2.5 μL protein lysate (1-4 mg/ml) and the reaction started by adding
10μL of 10mM MUGLc substrate. Following this, 2.5μL H2O blank and 240μL of
1nmol standard solution were added to separate wells and plate was sealed and
incubated at 37°C for 60 minutes. The reaction was stopped by adding 220 μL of
the stop solution (0.25M Glycine, pH10.4) and the fluorescence was measured
at 360nm excitation /460 emission (360Ex/460Em) using a Bio Tek Synergy HT multimode Microplate reader. H2O blank was used to calculate the background and
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enzymatic activity was measured in cells in nanomolar concentration of cleaved
substrate per μg protein per hour).
2.5.11.2 Lysosomal Hydrolases (β hexosaminidase and β Galactosidase)
Assays
For β-hexosaminidase assay, 20μL of McIlvaine citrate–phosphate buffer (MV,
pH 4.2) was dispensed into 96-well plate with 2.55μL protein lysate (0.110.44mg/ml) and the reaction started by adding 10 μL of 8mM 4methylumbelliferyl-N-acetyl-glucosamide. For β-galactosidase assay, 20μL of
McIlvaine citrate–phosphate buffer (MV, pH 4.1) was dispensed into 96-well plate
with 2.5μL protein lysate (0.1-0.4 mg/ml) and the reaction started by adding 10μL
of

1mM

4-methylumbelliferyl-

β-D-galactopyranoside.

To

calculate

the

background, 2.5μL H2O, instead of protein lysate, was set up and 240μL of 1nmol
standard solution was added to separate wells. Following this, the sealed plate
was incubated at 37°C for 30 minutes and the reaction was stopped by adding
220μL of the stop solution (0.25M Glycine, pH 10.4). Fluorescence was
measured at (360Ex/460Em) using a Bio Tek Synergy HT multi-mode Microplate
reader and each enzymatic activity was calculated in nanomolar concentration of
cleaved substrate per μg protein per minute).
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2.5.12 Endoglycosidase-H (Endo-H) Assay
2.5.12.1 Proteasomal Inhibition
Epoxomicin is a potent and selective proteasomal inhibitor that primarily inhibit
the

chymotrypsin-like

activity

of

20S

subunit

without

affecting

other

nonproteasomal proteases, (Meng et al., 1999). Sub-confluent human dermal
fibroblasts, cultured in 10cm plates, were treated with 25nM of Epoxomicin.
Twenty-four hours later, fibroblasts were harvested by trypsinization and pelleted
at 17,000 xg. Protein lysates were prepared by lysing cells in 60µl of 1% (v/v) TX100 in 1xPBS supplemented with 1xprotease inhibitors cocktail.
2.5.12.2 Endo-H and PNGase-F Treatment
in an effort to follow the intracellular fate of glucocerebrosidase, we monitored the
processing of its N-glycans in both N370 and L444P heterozygous and GD
fibroblasts. Protein concentration was first measured in the lysate using BCA kit
(section 2.5.7). According to the manufacturer's instructions, diluted samples of
lysates, containing 20μg of total protein were denatured with 1X of denaturing
glycoprotein buffer at 100°C for 10 minutes. To each tube of the denatured
protein sample, 10µl of reaction mixture was added and two experimental
conditions were set up for each enzymatic treatment as shown in (Table 0.6).
Following this, samples were subjected to 2 hours incubation with Endo-H and/or
PNGase.
2.5.12.3 Western Blotting
Western blotting of all samples was performed following the protocol outlined in
(section 2.5.9) except for using 4-12% gel and MOPS running buffer, to improve
resolution of bands.
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Table 0.6 Reaction mixtures of Endo-H assay
(A)

(B)

Endo-H

Without

With

Endo-H

Endo-H

PNGase
10X G5 reaction

10X G5 reaction

2μL

buffer 3

0 μL

(1000 units)

2.6

2 μL

8 μL

H20

With

PNGase

PNGase

2μL

2 μL

2μL

2μL

0 μL

1 μL

6 μL

5 μL

buffer 2

2 μL

NP-40 (10%)

Endo-H

Without

PNGase
(1000 units)

6 μL

H20

Proteasomal Assay

2.6.1 Regents Preparation for Proteasomal Assay
The 20S proteasomal assay kit was purchased from Merck Millipore (APT280).

Table 0.7 Set up of proteasomal assay

Test sample

H2O

Master Mix

10

0

90

Total
Volume
(μL)
100

90

100

90

100

Test sample
Test sample
+inhibitor

10

Substrate
blank

0

0

10

Table 0.8 Dilutions of AMC standard used in proteasomal assay.

[AMC] mM

ml AMC

ml 1X reagent
buffer

A

12.5

B

4.17

25 (125 mM
stock)
100 (A)

C

1.38

100 (B)

200

D

0.46

100 (C)

200

E

0.15

100 (D)

200

F

0.05

100 (E)

200

G

0

0

120

225
200
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2.6.2 Proteasomal Assay Procedure
The basal activity of proteasome was assayed in fibroblast and MCN lysate as
compared to control. 20S proteasome, the catalytic subunit of the UPS, is
therefore considered as a marker of proteolytic activity and homeostasis. The
general principle of this assay was based on measuring the cleavage of an
artificial

substrate

LLVY-7-amino-4-methylcoumarin

to

LLVY+7-amino-4-

methylcoumarin (AMC) standard. As per manufacture instruction and in a 96 well
plate, a master mix comprised of 10μL of 10X reagent buffer,10 μL diluted
proteasome substrate (10 mM final concentration) and 70μL dH2O was applied
as 90μL/well to either test sample, test sample plus the inhibitor or to the
substrate blank reaction. Each sample was measured in duplicate and the assay
was set up as shown in (Table 0.7). Inhibition of proteasomal activity was
performed by incubating 10μL of test sample with 1μL of diluted Lactacystin (0.25
mM final concentration) for 15 minutes at RT. Following 1hour incubation at 37°C,
and just before measurement, serial dilutions of AMC (0.05 to 12.5μg/ml) were
loaded as 100μL/well and used to plot a standard curve, (Table 0.8).
Fluorescence was measured with excitation at 360nm and emission at 460nm
using a Bio Tek Synergy HT multi-mode Microplate reader. By using the AMC
standard curve and the protein concentration of lysates, proteasome activity was
calculated in μM of AMC per μg protein per hour.

88

2.7

Citrate Synthase (CS) Activity

Citrate synthase (CS) is a mitochondrial marker/protein and measurement of its
level of activity gives an indication of the number of mitochondria within a sample.
Citrate synthase catalyzes the reaction between oxaloacetate (OAA), the
substrate, and acetyl CoA resulting in the production of citrate and liberation of
"free" thiol groups (CoA-SH).
Citrate
Oxaloacetate (OAA) + Acetyl CoA

Citrate + CoA-SH
Synthase

DTNB ("Ellmans reagent"-5,5'-dithio bis-2-nitrobenzoid acid) binds free thiol
groups to produce DTNB-CoA which is yellow and absorbs at 412nm.

Citrate
OAA + Acetyl CoA- + DTNB

Citrate + DTNB-CoA

Synthase

To calculate citrate synthase activity, 10µg protein was added in to a tube of
reaction mixture made of 5 reagents, common to both test and reference, as
indicated in (Table 0.9) making a total volume of 1ml. In this assay, the reference
cuvette contained everything except the substrate (OAA) used as a blank. The
solutions were mixed and then oxaloacetate was added to start the reaction after
which 240µl of reaction mixture was quickly transferred in to 96 well plate and
loaded as 4 wells/reaction. CS activity was measured on microplate at 412nm for
10 minutes at 30 ºC to get the rate (DTNB extinction coefficient 13.6x103 M-1cm1

and Path length is 0.85cm), and the reaction was calculated using the Beer
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Lambert Law: A = ECL where A= absorbance/min, E=extinction coefficient, C =
concentration, L = pathlength.
C (Mol/min/ml) = (A (A412/min/ml)/13.6x103(Mol/cm) x 0.85 (cm)) *100.
The enzyme activity was normalized to protein concentration in samples and
blotted as Mol/min/mg protein, (Figure 0.14).

Table 0.9 Setting up CS reaction.
Ref Eppendorf

Test Eppendorf

Tris Buffer

500µl

500µl

Acetyl CoA

20µl

20µl

DTNB

20µl

20µl

Triton-X100

10µl

10µl

dd H2O

450µl

430µl

Mito-Prep Susp

-

10µl

Oxaloacetate

-

10µl

TOTAL VOL

1ML

1ML

Mol/minute/mg protein

Reagents

0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
00:00

02:53

05:46

08:38

11:31

Time

Figure 0.14 Citrate synthase rate.
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2.8

Fluorometric Measurements of Cell Viability (CTB) Assay

The CellTiter-Blue® reagent was supplied by (Promega) and the assay is a single
step rather than kinetic pathway. We used this quick and convenient method as
a screening test for cytotoxicity. It is used to enumerate the number of live and
dead cells present in multi well plates. Metabolically active cells retain the ability
to reduce blue colored resazurin into highly fluorescent pink colored resorufin by
the aerobic respiration. However, nonviable cells rapidly lose their metabolic
capacity and don’t reduce resazurin and thus no fluorescent signals will be
generated. In a precoated 96 well plates, differentiated SH-SY5Y cell lines and
mouse cortical neurons were cultured as normal and subjected to treatment of
preformed a-synuclein fibrils (PFFs) with and without CBE treatment. Upon
harvesting cultures, 20µl of indicator dye (resazurin) was added to 100µl
respective media of each well and plates were incubated for 2 hours. The assay
was performed in duplicates with 100µl of fresh media used as blank. Following
incubation, the fluorescence was measured using a Bio Tek imark Synergy HT
multi-mode Microplate reader at (530Ex/590Em) and was proportional to the number
of viable cells in culture.
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2.9

Dot Blot Analysis

2.9.1 Materials and Reagents Used
0.45µm PROTRAN Nitrocellulose membrane (NBA085A001EA) by (Perkin
Elmer, Beaconsfield, UK), 1X Sterile phosphate buffered saline (PBS) and
BlockACE (BioRad, Eugene, OR, USA).
2.9.2 Procedure
The Bio-Dot microfiltration apparatus (BioRad) allows the measurement of
proteins in cell culture media and the detection of proteins in their native form.
We used dot blot apparatus to analyze conditional media collected from either
SH-SY5Y or primary neuronal cultures treated with PFFs. The apparatus was first
assembled as per manufacture instructions after which 11.2cm x 7.5cm
nitrocellulose membrane (Perkin Elmer), previously wet in 1xPBS, was placed on
top of sealing gasket of the apparatus under vacuum. Before loading media,
1xPBS was loaded twice into each well with multi-channel pipette to wash the
membrane. Following this, 100–400µl of respective culture media containing
protein of interest was added to each well, filtered through the membrane by
gentle vacuum. The blot was washed again twice with 1xPBS and stained with
Ponceau red for a minute to view wells. Cuts were then made as required and
the blot was washed 2-3 times with PBS until Ponceau stain was removed.
Following this, the experiment continued following the protocol specified
previously in western blotting technique (section 2.5.9) with blot blocked first in
20ml of BlockACE (BioRad) for 1 hour followed by incubation with antibodies of
choice specified in (Table 0.5).
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2.10 Measurement of O2 Consumption Rate and Citrate Synthase Activity
2.10.1 Seahorse for MCN
Cellular oxygen consumption rate (OCR) was measured in selected cultures from
two independent wt/L444P MCN using an Agilent Seahorse XF Mito stress test
(Stockport, UK).
Seahorse analyzer assay allows the measurement of both basal and maximal
mitochondrial respiration in a non-invasive way and after injection of drug
compounds through a specific portal system. Cortical neurons were grown in
XF24 plates precoated with 100µl of 0.1mg/ml poly-ornithine solution and culture
continued for 10days with growth media changed on day 7 in vitro. We used a
seeding density of 1.2x104 cells/200µl /well of XF24 plate, allowing five wells per
embryo and leaving the sixth well as a blank filled only with fresh media (Figure
0.15).

Figure 0.15 Layout and loading pattern in seahorse XF24 plate.
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One day prior to analysis, each well of XF24 calibration plate was filled with 1ml
of XF Calibrant (pH 7.4) after which sensor cartridge was submerged carefully
into the plate and incubated overnight at 37°C with no CO2. On the same day of
measurement (10DIV), the confluency of neurons in each well was checked and
only those showing apparent blank patches were labelled to exclude them from
the measurement as this will affect the accuracy.
Following this step and immediately before metabolic flux measurement, XF24
plate was washed and culture media were replaced with 525µl of freshly made
XF-seahorse DMEM supplemented with 2mM Glucose, 2mM Glutamine,
and1mM pyruvate and prewarmed to 37°C.The plate was then placed in non-CO2
incubator and allowed to equilibrate in the new media with the adjusted pH to 7.4
for an hour. Meanwhile, XF24 extracellular flux assay kit was prepared by making
a stock solution of Oligomycin, CCCP and Antimycin A to target mitochondrial
respiration. 2ml of assay DMEM media was prepared containing 10µM of each
of these three compounds and 60µl/well of each was loaded into the appropriate
port of the cartridge as port A for Oligomycin, B for CCCP and C for Antimycin A,
leaving D port empty as a blank.
Setting up seahorse assay was done by loading assay template correctly in the
Seahorse XF24 software and defining the cell name in wells and the three
injections with names (Figure 0.16). Following this, the sensor cartridge was
placed with the calibration plate into instrument tray to initiate calibration and
equilibrate sensors. After initiation step, calibration plate was replaced with cell
culture plate without the lid and the assay ran following the instruction in the
software. Once the basal OCR was measured, the compounds were added
sequentially and the effects on OCR was measured. After the assay, culture plate
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was placed on ice and cells were lysed in 100µl of 1%TX-100 in 1xPBS for 15
minutes with protein concentration in each well quantified by BCA as in
(section2.5.7).

Figure 0.16 Agilent Seahorse XF Cell Mito Stress Test profile. To show the key
parameters of mitochondrial function.
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2.11 ELISA
2.11.1 Mouse Cortical Neurons
We used sandwich enzyme immunoassay for quantitative measurement of ASYN release in to conditional media collected from mouse cortical neuronal
cultures. Reagents were prepared as per manufacturer’s instructions and kit
protocol was followed exactly as described (Cat # RDR-SNCa-Mu; Reddot
Biotech Inc, Canada). Briefly, 100μL of each dilution of standard (0-1500 pg/ml),
blank, and samples (1:50 and 1:100 dilutions) were loaded into the appropriate
wells after which the plate was covered with sealer and incubate for 2 hours at
37°C. Following this step, the liquid was removed from each well with no wash
and a 100μL of detection reagent A working solution was dispensed into each
well followed by incubating the plate for another 1 hour at 37°C. The solution from
each well was then aspirated and the plate was washed 3 times with 350μL of 1x
wash solution and tapped onto absorbent paper to remove any remaining liquid
from all wells completely. After the last wash and decanting, a 100μL of detection
reagent B working solution was added into each well and the plate was incubated
for another 1 hour at 37°C followed by repeating the same aspiration and washing
process for a total of 5 times. TMB substrate solution (90μL) was added after into
each well to turn liquid in to blue color and plate was incubated for 15-25 minutes
at 37°C. Lastly, 50μL of stop solution loaded into each well in which the liquid
turned to yellow and the measurements was performed using the microplate
reader at 450nm immediately. Absorbance data was then normalized to pg/ml
using the standard curve and normalized to protein content of the well.
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2.12 Differentiated SH-SY5Y Cells
We used Human α-Synuclein ELISA Kit supplied by BioLegend to quantify the
monomeric A-SYN release in to culture media collected from differentiated SHSY5Y cell lines treated with PFFs, and CBE.
2.12.1 Preparing Reagents used for Human A-SYN ELISA
As per manufacture instructions, all kit components were brought to RT before
use, and 1x wash buffer was made by diluting 5x wash buffer in distilled water.
The standard Intermediates and curve were prepared as illustrated in (Table
0.10) and (Table 0.11) respectively.
Samples were then diluted in 1x reagent diluent in duplicate (1:5 and 1:10
dilutions) and each dilution was mixed well by vortexing 3 x 2 seconds.
Biotinylated primary antibody made of by adding 6μL of the primary antibody
stock to 6mL of 1x reagent diluent. Streptavidin HRP an “HRP Intermediate” was
made first by mixing 10μL of Streptavidin-HRP stock with 990μL of 1x reagent
diluent after which 150μL from the HRP Intermediate was added to 22.35mL of
1x reagent diluent.

Table 0.10 Preparation of Standard Intermediates.
Volume of Standard
(μL)

Volume of 1X
Reagent Diluent (μL)

Final Concentration
(pg/mL)

40μL intermediate
#2

1280

1500

550μL of#1

825

600

550μL of#2

825

240

550μL of#3

825

96.0

550μL of#4

825

38.4

550μL of#5

825

15.4

550μL of#6

825

6.1

0

825

0
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Table 0.11 Preparation of standard curve

Volume of
Standard

Volume of 1X
Reagent
Diluent (μL)

Final
Concentration
(ng/mL)

Intermediate
#1

10μL of
reconstituted
standard

990

5,000

Intermediate
#2

10μL of
intermediate
#1

990

50

Total number

2.12.2 Running Human A-SYN ELISA
Preparation of all components as per instruction manual is described above. The
assay was conducted in two consecutive days and it started by washing the plate
4 times with 300μL/well of 1x wash buffer after which 200μL of each standard
and another 200μL of each sample dilution were added to the plate. After loading,
the plate was covered and incubated overnight at 4°C while shaking. After
incubation, 50μL/well of the biotinylated primary antibody added and plate was
incubated for 2 hours followed by adding 200μL/well of diluted streptavidin HRP
with another hour of incubation, all at RT. The same process of 4 times washing
and drying of plate was repeated after each incubation throughout the assay and
the final step included mixing up 5.5mL of each of chemiluminescent substrates
and adding 100μL of mixture per well immediately before reading plate. The total
concentration of monomeric A-SYN release was presented as pg/mg of protein.
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2.13 Statistical Analysis
Data were displayed as normal distribution and all values were represented as
mean ± standard error of the mean from the number of independent cell cultures
or preps (n). Statistical significance tested using either unpaired T test or oneway ANOVA with multiple comparison test carried out between different
experimental groups using Graph- Pad Prism Software.
Levels of significance were set to *p < 0.05, **p < 0.01, ***p < 0.001 and P value
< 0.05 was considered significant.
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3 Human Dermal Fibroblasts as a model of GBA-linked PD
3.1

Introduction

The use of cellular cultures has an advantage over studying Parkinson disease
directly on patients or animal models. It is able to explore the two main alterations
that occur in dopaminergic neurons during PD pathogenesis. Previous published
work supported the usefulness of fibroblasts model as a powerful and noninvasive way to investigate PD pathogenesis. Patients derived fibroblasts from
idiopathic PD (Ambrosi et al., 2014) or monogenic disease phenotypes such as
PINK1-PD (Abramov et al., 2011), LRRK2 mutation (Juárez-Flores et al., 2018)
and ATP13A2 loss of function mutation (Dehay et al., 2012) exhibited ALP
impairment, and bioenergetic deficits similar to those found in postmortem PD
brain and other neuronal models.
Many studies have utilized human dermal fibroblast as a model to investigate
GBA-linked PD molecular mechanisms. Reduced enzymatic level and activity
were detected in fibroblasts derived from GD, PD with a variety of GBA mutations
and non-manifesting carriers, such a reduction resulted from a combination of
arrested enzyme in the ER and lower GBA transcript level (de la Mata et al., 2015,
Sanchez-Martinez et al., 2016, McNeill et al., 2014, Collins et al., 2017). ER
stress and UPR have been implicated to play fundamental role in the
pathogenesis of PD (Remondelli and Renna, 2017). Thus, mutant protein trapped
in ER is identified as misfolded and will start initiating ER stress and UPR in an
attempt of the cell to refold this protein by ER resident chaperon such as
BiP/Grp78. Failure to restore the proper folding will result in retro-translocation of
misfolded protein to the cytosol and elimination by the ubiquitin proteasomal
system (UPS) through endoplasmic reticulum associated degradation (ERAD)
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process. Given that evidence, enhanced expression of BiP was found in patient
derived fibroblasts with a pool of GBA mutations in order to reduce the protein
burden in ER (McNeill et al., 2014, Ron and Horowitz, 2005, Mu et al., 2008). In
contrast to mature cytosolic protein, misfolded GCase trapped in the ER contains
N-linked glycans which are sensitive to cleavage by endoglycosidase-H (endoH) and detected by western blotting as lower molecular weight band. Thus, the
appearance of such a band following endo-H treatment is indicative of GCase
arrest in the ER. Many studies have reported increased level of this band,
detected by western blotting, in fibroblast from both GD patients and nonmanifesting mutation carriers (Bendikov-Bar et al., 2011, McNeill et al., 2014, de
la Mata et al., 2015, Mu et al., 2008) reaching at least 50% of the enzyme in
homozygous L444P mutation. Similarly, dysregulation of calcium (Ca2+)
homeostasis, increased vulnerability to stress responses and neurodegeneration
have been observed in patients derived fibroblast with GBA N370S mutation
which, although was beneficial for protein folding, it could render the cell sensitive
to apoptotic stimuli (Kilpatrick et al., 2016). As both ALP and UPS represent the
two main cornerstone pathways of protein and organelle catabolism, they were
implicated in a wide spectrum of pathological states, among which were
neurodegeneration and aging (Rubinsztein, 2006). Defective GCase activity
leads to alteration in the lysosomal dependent processes such as ALP which
further implicates the role of autophagy in GBA linked PD. It was shown that
GCase deficient fibroblast exhibited compromised autophagy lysosomal
reformation, a cellular process controlled by mTOR (Magalhaes et al., 2016).
Additionally, De La Mata et al. group showed how the GD L444P mutation can
lead to alteration in autophagy and impairment of autophagic flux which
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subsequently leads to accumulation of autophagic substrates (de la Mata et al.,
2015). Such an impairment of protein degradation contributed to biochemical
abnormalities in primary fibroblast derived from GD patients including ROS
production, impaired mitochondrial flux and mitophagy activation.
While GBA mutations are numerically the most important predisposing factor for
devolving PD, the genotype-phenotype association have been previously
stratified to categories L444P mutation as severe mutation. This mutation leads
pathologically, when in homozygosity state, to an extensive ERAD and clinically
is predictive of neuropathic type 3 of GD (Hruska et al., 2008). Despite this notion,
the majority of GBA mutation-linked risk is represented by the heterozygous state
(Sidransky et al., 2009). Carriers of these mutations have been reported to have
higher odd ratio of developing PD and 5 years younger age of onset (Gan-Or et
al., 2015). However, in the existing literature, studies have mainly focused on the
effect of homozygous L444P state in the context of GBA-linked PD using patients
derived fibroblast model (Bendikov-Bar et al., 2011, de la Mata et al., 2015).
Therefore, due to the relative paucity of work specifically related to heterozygous
L444P mutation, we have started studying the pathophysiology of this mutation
in primary cultured fibroblasts derived from mutation carriers with and without PD.
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3.2

Experimental Aims

The central aim of this chapter is to investigate the impact of heterozygous L444P
mutation in the context of PD in human-derived fibroblast model. Objectives
A. Characterization of fibroblasts by measuring activities and expression of
GCase and other lysosomal enzymes and proteins.
B. Detection of trapped GCase in ER of wt/L444P fibroblast.
C. Investigating UPS and ALP protein degradation pathways in wt/L444P
fibroblast

3.3

Fibroblast Cultures

Fibroblast cultures in this chapter were established using donor samples from the
Lysosomal Storage Disorder Unit at the Royal Free London NHS Foundation
Trust. Two groups were used:
(1) heterozygous GBA mutation positive carrier.
(2) genetically unrelated controls (spouses/partners).
They were identified by taking a detailed family history from each GD patient, and
recruited with consent by clinical colleagues from the Lysosomal Storage
Disorder Unit. The diagnosis of PD was made according to the UK Parkinson’s
Disease Society Brain Bank Criteria. All biopsies were obtained following
informed patient consent following Hampstead Research Ethical committee
approval (10/H0720/21/21). The methods were carried out in accordance with the
relevant guidelines in the above-mentioned ethics approval and punch biopsy
was taken from each patient (5 wild type and 5 L444P heterozygous mutants with
and without PD). The genotype and PD association of the patient cohort is given
in (Table 0.1).

103

The establishment of cultures was done previously by members of our laboratory
and samples were sent for Sanger sequencing (see section 2.3.4) and they were
all confirmed to be wild type or wt/L444P mutants (also referred to as wt/Δ in
Table 0.1).

Table 0.1 Characteristics of human-derived fibroblast cultures.

Patient

Age at time
of Biopsy
(years)

Gender

Genotype

+/- PD

Ctl9
EOR
JEC
JER
MCL
CHM
TCH
MBA
BSL
PJR

52
50
82
52
59
72
45
67
85
62

F
F
F
F
M
M
F
M
M
M

wt/wt
wt/wt
wt/wt
wt/wt
wt/wt
wt/△
wt/△
wt/△
wt/△
wt/△

––
––
––
––
––
+PD
––
––
+PD
––
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3.4

Results

3.4.1 GCase Activity and Protein Expression level in wt/L444P Human
Dermal Fibroblasts
From previous work done in our laboratory (McNeill et al., 2014), both GCase
activity and protein levels were significantly reduced to the same extent in nonmanifesting heterozygote GBA carriers (NMC) and heterozygote GBA carriers
with PD as compared to control. This study contained a mix of GBA mutations
including N370S and L444P. Furthermore, it cannot be excluded that some of the
NMC will develop PD later in their life. Therefore, in our study we have decided
to pool the data from wt/L444P cell lines with PD (n=2) and wt/L444P NMC (n=3)
that are listed in (Table 0.1). Wt/wt and KO mouse embryonic fibroblasts (MEF)
were used as positive and negative controls respectively. GCase activity was
1.60nmol/hr/µg in wt/wt MEF whereas GBA KO MEF presented minimal activity
(2% residual activity). We also found that GCase activity was significantly
reduced by 34.7 % (*p =0.014) in heterozygous mutants (0.978 ±0.070) as
compared to control (1.50 ±0.15), (Figure 0.1,B), (n=5).
To confirm the previous findings of (McNeill et al., 2014), when GCase activity
was split in to NMC and GBA carriers with PD, GCase activity was 1.03±0.110
nmol/h/g protein (n=3) and 0.900 ± 0.050 nmol/h/g protein (n=2) respectively
with no significant difference found between these two groups (p>0.999).
Therefore, we decided to pool the WT/L444P fibroblasts in all experiments as
planned, (Figure 0.1, A).
To determine if the decrease in GCase activity was due to decreased protein
levels, cell lysates were subjected to western blotting. Densitometric analysis
results showed a nonsignificant reduction in GCase protein expression level by
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30.32% in mutant fibroblast when compared to control (p= 0.134), (n=4) (Figure
0.2).

Figure 0.1 GCase activity in wt/L444P fibroblast. (A): Bar chart summarizing GCase
activity in (nmol of fluorescence/hr/µg of protein) in different study groups; positive
control (wt/wt MEF=1.06nmol/hr/µg, n=1) and wt/wt human derived fibroblast
(mean=1.50 ±0.151, n=5), negative control (GBA KO MEF=0.008 ,n=1) representing
significant 98% drop of GCase activity when compared to wt/wt group (*p=0.017), and
the two other groups of GBA heterozygous mutation; one with PD=0.900±0.050,n=3,
and the other group without PD, NMC=1.03±0.110, n=2, no significant alteration in
GCase activity found between NMC and wt/L444P+PD group (p>0.999). (B) GCase
enzyme activity was 34.7% significantly lower in fibroblasts from wt/L444P mutation
carriers (0.9780 ±0.07003) than control (1.50 ±0.15, n=5, *p=0.014). Each bar represents
mean GCase activity (nmol/hr/ug protein) with error bars representing the standard
error of the mean.
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Figure 0.2 GCase protein expression level in wt/L444P human dermal fibroblast. (A):
Representative western blot image showing reduced level of GCase protein in
heterozygous L444P mutant fibroblasts (n=4wt/wt and 4wt/L444P); β Actin was used
as loading control and vertical line denotes where blots have been cropped to remove
air bubbles (B): Bar chart representation of western blot showing statistically nonsignificant 30.32% reduction in GCase band density of wt/L444P mutant fibroblast
when compared to healthy controls, (p=0.134). Each bar represents mean of GCase
protein relative expression to housekeeping protein (β actin) from 4 independent
fibroblasts cultures in one group ± SEM
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3.4.2 Investigating Lysosomal Biochemistry in wt/L444P Human Dermal
Fibroblast
The level of lysosomal membrane integral protein 2 (LIMP2) was quantified in
human dermal fibroblasts, both in L444P mutant and the control group. LIMP2
functions as a carrier protein to translocate GCase in to the lysosome. In
mannose phosphate receptor (MPR) double KO MEF, GCase sorting and activity
was not affected indicating that the enzyme is trafficked to the lysosome by LIMP2
and not via MPR dependent manner (Reczek et al., 2007). Our results did not
show any significant alteration (p=0.591) in the level of LIMP2 in wt/L444P mutant
fibroblasts (0.476± 0.112) when compared to control (0.569±0.123), (Figure 0.3
A and B), n=5.
LAMP1 is one of the most abundant lysosomal membrane proteins (LMPs) that
resides mainly on the lysosomal limiting membrane (Saftig and Klumperman,
2009). We found comparable levels of the mean LAMP1 protein expression
between control group (1.69±0.244) and wt/L444P fibroblasts (1.58±0.279),
(p=0.776, n=5), (Figure 0.3 A and C).
Protein level of mature Cathepsin D (27kDa) was also measured by western blot
in control and mutant fibroblasts. Cathepsin D act as a principle lysosomal
protease responsible for the degradation of many proteins. It was reported that
CathD functions to enhance the activity of GCase (Ambrosi et al., 2015,
McGlinchey and Lee, 2013). Our results showed a slight but not significant
elevation in Cathepsin D level in the wt/L444P fibroblast (0.852±0.194) with
respect to control (0.666±0.103), (p=0.421, n=5), (Figure 0.3 A and D).
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Figure 0.3 Analysis of lysosomal markers in wt/L444P human dermal fibroblast. (A):
Representative western blots image demonstrating unchanged levels of LIMP2 and
LAMP1 in wt/L444P fibroblast when compared to control (upper two panels) with a
trend of increased Cathepsin D expression level in mutant lines (lower panel), β Actin
was used as loading control and the vertical line drawn in blot images denotes the site
of cut to remove air bubble. (B, C): Bar chart analysis of western blot bands densities
of both LIMP2 and LAMP1 lysosomal markers, (n=5wt/wt, 5wt/L444P). For all sample
measured, there was no evidence of significant change in both markers; LIMP2
(p=0.591) and LAMP1 (p=0.776) mean values±SEM in the wt/L444P fibroblasts were
0.476± 0.112 and 1.69±0.244 against wt/wt group 0.569±0.123 and 1.58±0.279
respectively. (D): Bar chart analysis showing a slight but not significant elevation (p
=0.421) of Cathepsin D expression level in wt/L444P fibroblast (0.852±0.1935) when
compared to control (0.666±0.1026). All data were expressed as the mean density of
the target protein expressed against the density of the housekeeping protein (β actin)
from 5 independent fibroblast cultures ±SEM of the blots shown.
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These findings were in line with unchanged activities of the other lysosomal
hydrolases, β-galactosidase and β-hexosaminidase, in which no significant
change in the activity of these lysosomal hydrolases against healthy controls.
Hexosaminidase activity was 0.486 ±0.028 in wt/wt and 0.452±0.019 in mutant
group, whereas β-galactosidase activity was 0.078±0.007 in wt/wt and
0.080±0.005 in wt/L444P fibroblast, (n=5), (Figure 0.4).
Collectively, this was suggesting that the reduced GCase activity was simply
due to mutation and not secondary to alteration of lysosomal mass in mutant
fibroblast.

Figure 0.4: lysosomal hydrolases activities in wt/L444P human dermal fibroblast: Bar
chart representation of (A) β-hexosaminidase and (B) β-galactosidase activities in
fibroblasts from controls & L444P mutation carriers. Enzymatic activity was measured
in nmol of fluorescence/minute/µg of protein and revealed no significant change of
activity in mutant groups when compared to healthy controls; hexosaminidase activity
was 0.486 ±0.028 in wt/wt and 0.452±0.019 in mutant group, whereas β-galactosidase
activity was 0.078±0.007 in wt/wt and 0.080±0.005 in wt/L444P fibroblast, each bar
represents mean of activity in all cell lines per group ± SEM, (n=5).
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3.4.3 Autophagic Defect in L444P Mutant Fibroblast
Since GCase deficiency has been linked with impairment of MA, we measured
the flux through this pathway. To do this we used two markers of MA, LC3-II, and
p62, which both help recruit to autophagosomes, which then fuses with
lysosomes, and degrades cargo. LC3-II levels are considered to represent the
number of autophagosomes in the cell, while p62 reflects how much cargo is
present within these autophagosomes as it helps bind cargo to the LC3-II on
autophagosomes. Under untreated conditions (ut) the amount of p62 and LC3-II
were unchanged between wild type and wt/L444P groups suggesting that
autophagosome number (LC3-II) and autophagosome cargo (p62) are
unaffected by the L444P mutation, (mean values of LC3II in both untreated wt/wt
and wt/△ groups were 0.061±0.0115 and 0.071±0.017 whereas the mean values
of P62 in the same untreated groups were 0.326±0.036 and 0.274±0.042
respectively), (Figure 0.5). To understand the MA flux (e.g. the rate of
autophagosome synthesis and degradation), cells were treated with 0.2 μM of
specific inhibitor of vacuolar (H+) V-ATPases, bafilomycin A1 (Baf) for 4 hours,
which de-acidifies lysosomes, and therefore are unable to fuse with
autophagosomes and degrade them. Therefore, over the four-hour time point, all
the autophagosomes made during this period accumulate within the cell. As
expected, Baf treatment significantly increased both LC3-II levels (**P=0.001)
and p62 (*P=0.034) compared to untreated (ut) cells. However, the accumulation
of p62 and LC3-II was similar between wt/wt cells and wt/Δ showing that the
presence of L444P did not affect the rate of synthesis of autophagosomes,
(Figure 0.5 B,C) (mean values of LC3-II in both bafilomycin treated wt/wt and wt/Δ
groups were 0.618±0.0102 and 0.749±0.013; P=0.815 whereas those of P62 in
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the same groups were 0.497±0.043 and 0.544±0.029; P=0.947 respectively),
(Figure 0.5). Furthermore, since the number of autophagosomes formed was the
same between wt/wt and wt/△ cells. These observations suggested that there is
no accumulation of LC3-II or p62 under untreated condition and that the rate of
autophagosome degradation was also the same. To conclude, MA flux does not
appear to be affected in fibroblasts with heterozygote L4444P mutations.

Figure 0.5 Investigating MA flux in wt/L444P fibroblast: MA flux does not appear to be
affected in fibroblasts with heterozygote L4444P mutations. (A): Representative
western blot images showing no evident change in P62 level (top panel) or the LC3-II
level (middle panel) between the basal condition (-) and following BafA1 treatment (+)
in heterozygous L444P mutant fibroblasts. β Actin was used as loading control. (B):
Analysis of LC3-II densities showing that under basal condition (ut) the amount of
LC3-II was unchanged between wild type and wt/ △ groups; LC3-II untreated
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wt/wt=0.061±0.012; untreated wt/ △

group= 0.071±0.017, P>0.999. However,

bafilomycin treatment significantly increased LC3-II levels in wt/wt (**P=0.001) and wt/
△ fibroblast (***P=0.0002) against their respective untreated groups; LC3-II in +baf
wt/wt=0.618±0.102 whereas in +baf wt/△=0.749±0.133. More importantly, there was no
significant change detected in LC3-II level in wt/△ fibroblast cells with (P=0.815) and
without (P>0.999) bafilomycin treatment, when compared to their respective wt/wt
groups; LC3-II untreated wt/wt= 0.061±0.011 and wt/△ groups= 0.071±0.017, while in
both bafilomycin treated wt/wt and wt/Δ groups, LC3-II= 0.618±0.010 and 0.749±0.0133
respectively. All data were expressed as the mean density of LC3-II expressed against
the density of the housekeeping protein (β actin) from 5 independent fibroblast
cultures ±SEM (n=5). (C): Bar chart analysis of western blot P62 densities showing no
significant alteration in p62 level between wt/wt and wt/Δ groups; P62 untreated wt/wt=
0.326±0.035, untreated wt/△=0.274±0.042, (P=0.920). Bafilomycin treatment however
significantly increased P62 levels in both wt/wt (*P=0.034) and wt/ △

group

(***P=0.0007) as compared to the respective untreated groups. Also, P62 level did not
significantly change between wt/wt and wt/ △ fibroblast groups in the presence
(P=0.947) and absence (P=0.920) of bafilomycin treatment; P62 untreated wt/wt=
0.326±0.036 and wt/△ group= 0.274±0.042 while in both bafilomycin treated wt/wt and
wt/Δ groups P62= 0.497±0.0429 and 0.544±0.029 respectively. All data were expressed
as the mean density of P62 protein expressed against the density of the housekeeping
protein (β actin) from 5 independent fibroblast cultures ±SEM (n=5).
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3.4.4 Investigating Chaperone-Mediated Autophagy (CMA) in wt/L444P
Fibroblast
Another pathway for cytosolic protein clearance through lysosomes is chaperonemediated autophagy (CMA). Substrate proteins in this pathway are characterized
by the presence of motif in their amino acid sequence (Dice, 1990, Massey et al.,
2004). This motif is recognized by a cytosolic chaperone, the heat shock protein
of 70 kDa (Hsc70).
When bound to hsc70, the substrate protein is unfolded and the chaperonsubstrate complex then docks at the lysosomal membrane by binding to the
cytosolic tail of a single transmembrane protein receptor called lysosomeassociated membrane protein 2A (LAMP2a) and delivers cargo into the
lysosomal lumen for degradation by hydrolases and proteases (Salvador et al.,
2000). It has previously observed that the levels of hsc70 and LAMP2a
decreased in sporadic PD brains (Alvarez-Erviti et al., 2010). To investigate if
CMA pathway is compromised in affected fibroblast, we assessed its activity by
measuring LAMP2a and HSC70 protein expression levels. Our results showed
that the level HSC70 marker was comparable between control and wt/L444P
fibroblasts (P=0.676); mean expression level of HSC70 in wt/wt fibroblast was
0.426±0.067 whereas in wt/△ group it was 0.445±0.084, (Figure 0.6 C). Likewise,
LAMP2a protein level did not significantly change (P=0.997) between wt/ △
fibroblast (1.62±0.138) and wt/wt group (1.62±0.098), (Figure 0.6 D). These
observations concluded that there was no defective CMA pathway associated
with heterozygous L444P mutation.
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Figure 0.6 CMA in wt/L444P patient derived fibroblast: No defective CMA pathway was
seen in fibroblasts with heterozygote L444P mutations. (A, B): Representative western
blot images showing no evident change in LAMP2a (top blot) and HSC70 (bottom blot)
markers of CMA in wt/△ fibroblasts when compared to wt/wt groups, β Actin was used
as loading control. (C): Bar chart analysis showing comparable HSC70 between wt/wt
(0.426±0.067) and wt/△ fibroblast (0.445±0.084), P=0.676. (D): Bar chart representation
showing no significant change in LAMP2a level between wt/△ fibroblast (1.62±0.138)
and wt/wt group (1.62±0.098), P=0.997. All data were expressed as the mean density
of target proteins (LAMP2a and HSC70) expressed against the density of the
housekeeping protein (β actin) from 5 independent fibroblast cultures ±SEM, (n=5).
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3.4.5 Proteasomal activity in Fibroblasts
Although ALP is considered as one of the major protein degradation pathways in
the cell, it is not only the pathway involved in the cellular quality control. UPS also
contributes to this phenomenon by the turnover of proteins such as monomeric
alpha-synuclein and the removal of unfolded protein by ERAD. Therefore, we
measured the basal activity of the 20S catalytic subunit of the proteasome. There
was not significant change in proteasome activity in dermal fibroblast cells with
L444P mutation (0.053±0.005) when compared to wt/wt group (0.047±0.004),
(P=0.423). (n=5wt/wt and 4 wt/△). As a control, fibroblast lysates were incubated
with 0.25mM of the specific proteasome inhibitor, Lactacystin. When incubated
with Lactacystin, proteasomal activity dropped by 98% (n=1) to confirm that what
we have measured was 20S activity ( Figure 0.7 B).

Figure 0.7. 20S proteasomal activity in wt/L444P fibroblasts: under basal condition
and after treatment with Lactacystin. (A): Bar chart summarizing 20S proteasomal
activity in human dermal fibroblast; 20S reaction rate was calculated in μM of
AMC/1hr/μg of protein (n=5 wt/wt and 4 wt/△) and data shown represent mean ± SEM.
The chart shows no evidence of alteration in 20S activity in wt/△ (0.053±0.005) against
wt/wt group (0.047±0.004), (P=0.423). (B): Bar chart representation of inhibited
proteasomal activity following treatment with 0.25mM of the proteasomal inhibitor,
Lactacystin, in fibroblasts (n=1) indicating the specificity of the reaction measured.
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3.4.6 ER stress &UPR (Control)
ER stress and UPR are discussed in details in (section1.8). The most immediate
response in ER stress is upregulation of Bip/GRP78 level due to its release from
ER sensors and subsequently turning them to the active state. We first did a
preliminary pilot study (n=1) to investigate if the induced ER stress and UPR in
fibroblast result in elevated BiP level and higher Phospho-elf2α/elf2α ratio. As
expected, control fibroblasts treated with 1μM of Thapsigargin for 24 hours before
harvesting

showed

upregulation

of

Bip/GRP78

level

and

increased

Phosphorylation of elf2α, (Figure 0.8).
We also assessed the survival of GCase deficient fibroblast through measuring
the expression level of apoptotic marker (CHOP) by WB in the wt/wt and
wt/L444P fibroblasts (n=4). However, this marker was not detectable in cells (data
not shown).

Figure 0.8 inducing ER stress in wt/wt fibroblast (positive control): (A, B):
Representative western blot image and bar chart showing increased Bip/GRP78 level
upon Thapsigargin treatment (induction of ER stress). (C, D, E): Western blots images
and bar chart showing increased level of phosphorylated elf2α in Thapsigargin treated
wt/wt fibroblasts (UPR), (n=1). GAPDH was used as a loading control. UPR in wt/L444P
Fibroblast model.
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It was documented that not only wild type misfolded but also mutant proteins are
tapped in the ER inducing UPR (Kopito, 1997). Reduced GCase protein in wt/Δ
cells was previously reported and linked to activation of UPR (Bendikov-Bar et
al., 2011, Bendikov-Bar et al., 2013, McNeill et al., 2014, Sanchez-Martinez et
al., 2016, Braunstein et al., 2018). We therefore analyzed the expression of the
unfolded protein response marker BiP/GRP78 in wt/L444P fibroblasts. Western
blot analysis of this ER-resident chaperone showed comparable level between
the wt/L444P (0.334±0.0345) and wt/wt group (0.342±0.076) suggesting that the
mutant GCase retained in ER of the fibroblast, did not induced stress, (P=0.926),
(Figure 0.9 A and B).
We also extended that to the analysis of PERK arm of UPR through measurement
of phosphorylated elf2α/ elf2α in the corresponding cell lines. We detected no
significant change (P=0.806) in the ratio between the wt/wt (0.345±0.055) and
wt/Δ group (0.378±0.118), (Figure 0.10 A and B). The lack of alteration in
phosphorylated elf2α/ elf2α ratio in wt/L444P fibroblasts fits with BiP level being
not upregulated in these cells.
To conclude, wt/L444P did not induce ER stress and UPR in human dermal
fibroblast model.
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Figure 0.9 BiP expression in wt/L444P fibroblast. (A): Representative western blot
image of BiP showing relative comparable densities of protein bands between the
control and wt/L444P fibroblasts groups; despite the slightly apparent variability in
BiP expression in few lines seen, that could be cell line specific, the overall expression
was similar between groups, β Actin was used as a loading control (B): Bar chart
summarizing the mean BiP protein level in fibroblast with no significant change
(P=0.926) between groups; BiP wt/wt =0.342±0.076 and wt/△ =0.334±0.0345. All data
represent the mean density of target protein expressed against density of
housekeeping protein (β actin) from 5 independent fibroblast cultures ±SEM, (n=5).
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Figure 0.10 Phosphorylation of elf2α; no ER stress and induction of UPR in GCase
deficient fibroblasts. (A): Representative western blot image of elf2α (top blot) and
phosphorylated elf2α (bottom blot) showing no apparent alteration between the
control and wt/△fibroblast, β-Actin was used as a loading control (B): Bar chart
summarizing the mean value of phosphorylated elf2α/ elf2α ratio in wt/wt (0.345±0.055)
and wt/△ cells (0.378±0.118) with no significant change between the two groups (n=5,
P=0.806).
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3.4.7 ER trapped GCase (Endoglycosidase-H Assay)
We, and in an effort to verify the proportion of trapped mutant enzyme in the ER,
we used the glycosylation status of GCase. Endo-H enzyme deglycosylates
GCase in the ER and cleaves the bond between the first and second mannose
sugar residues. Additionally, GCase is only sensitive to Endo-H cleavage while
trapped in the ER whereas mature enzyme is resistant to cleavage because of
the mannose residue attached to it. It therefore allows us to distinguish between
the enzymes that have not reached the mid-Golgi and the folded, processed, and
mature glycoproteins. Also, another enzyme we used called peptide Nglycosidase F (PNGase-F) which removes all the N-linked carbohydrate resulting
in complete deglycosylation (Figure 0.11).

Figure 0.11 Illustrative diagram showing the site, in GCase, of cleavage of both
Endoglycosidase-H and PNGase F enzymes. Endo-H only cleaves high mannose
structures (red arrow) whereas PNGase F hydrolyses nearly all types of N-Glycan
chains from the glycoprotein (blue arrow).

In SDS– PAGE, both Endo-H sensitive and PNGase treated fractions migrated
as a low molecular weight bands, which confirmed that any detected changes in
GCase protein bands is due to glycosylation and not from changes in amino acid
sequence. Cell lysates prepared from homozygous L444P GD fibroblast lines
were subjected to PNGase F treatment for 2 hours according to manufacture
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instructions. As PNGase cleaves all sugar residues of GCase next to asparagine
(Figure 0.11), western blotting and interaction with anti-GCase antibody showed
that following PNGase F treatment, a small molecular weight band of GCase
appeared migrating from 70kDa to ~50kDa region as indicated by the blue arrow
in (Figure 0.12 A and B). When these cell lysates were treated with Endo-H
enzyme for two hours, a small amount of GCase enzyme bands was present in
the mature state at the region of 70kDa. However, the majority of GCase from
Endo-H treated lysates were present at 50kDa region and having similar size to
that treated by PNGase denoting trapped enzyme in the ER, red arrow in (Figure
0.12 A). Similar findings were reported previously by (Bendikov-Bar et al., 2011)
and (Ron and Horowitz, 2005).
To assess if the degree of ER retention acts as a factor that determine GD
severity, we assessed the heterozygous state of L444P mutation using the same
approach. We found that in the heterozygous L444P fibroblasts, and following
Endo-H treatment, the vast majority of GCase enzyme was in the mature
lysosomal state and only when we overexposed the blot, a small portion was
found trapped in the ER and appeared at ~50kDa region (yellow arrow in Figure
0.12 B). We also detected similar bands, quantitively confirmed at ~ 50KDa
region, in the wild type cells treated with endo-H enzyme (red arrow in Figure
0.12 B). The presence of this trend in both heterozygous and wild type group
indicated that most of the protein already passed the mid-Golgi (i.e. mature
lysosomal) and only small proportion was retained in the ER. Similar findings
were reproduced previously by other groups (Ron and Horowitz, 2005, BendikovBar et al., 2011) pointing out to the presence of variable levels of ER retention
among different genotypes including wildtype. Nevertheless, even with the
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minimal degree of ER retention, the intracellular localization tests in theis studies
showed that most of wild type GCase localized in punctate lysosomal structures,
with no calnexin colocalization. On the other hand, all mutants exhibited major
colocalization with calnexin, indicating that most of the mutated GCase were
retained in the ER inducing ER stress and UPR.
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Figure 0.12 Evidence of ER retention of GCase in wt/L444P fibroblast. 20μg protein
lysates of both GD L444P fibroblasts (A) and wt/L444P group (B) were incubated for 2
hours with Endo-H and PNGase F enzymes and immunoblotted with anti- GCase and
anti β Actin antibodies. Note appearance of low molecular weight band (~ 50kDa) in
Gaucher disease samples incubated with PNGase (blue arrows in A, B), which
represents complete deglycosylation of GCase. (A): Following Endo-H treatment, an
ER retained GCase fractions started to appear at 50kDa region in GD L444P fibroblasts
(red arrow) leaving only a small portion of the enzyme in the mature state at 70kDa
region. (B): In heterozygous L444P state, the vast majority of the enzyme was present
in mature state and only with overexposure of the blots, a small fraction of the trapped
enzyme in the ER appeared at ~ 50kDa region (yellow arrow) which was present also
in the wild type group (red arrow). The presences of similar Endo-H sensitive bands
in wild type group was also reported in other studies (Ron and Horowitz, 2005,
Bendikov-Bar et al., 2011). Epoxomicin treated lanes show apparent increase in GCase
protein (due to inhibition of proteasomal degradation by UPS).
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For purposes of comparison and to further confirm the above findings, we treated
N370S mutant fibroblast cells with Endo-H and the result data showed the same
trend as L444P mutation state (Figure 0.13 A and B).

Figure 0.13 ER retention of GCase in GD and heterozygous N370S fibroblast. The trend
of ER retention here was similar to that detected in L444P mutant fibroblasts. (A):
Following PNGase F treatment, GCase was completely deglycosylated and appeared
as lower molecular weight bands at 50kDa region (blue arrow), (also present in B).
However, Endo-H treatment retained a large portion of GCase in the ER which
appeared at 50kDa region (same as that treated with PNGase F (red arrow) and left
only a small portion in the mature state at 70kDa region. (B): In heterozygous N370S
state, most of GCase enzyme was lysosomal and only a small fraction appeared at
50kDa region (yellow arrow). Epoxomicin treated lanes show apparent increase in
GCase protein (due to inhibition of proteasomal elimination by UPS).
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Furthermore, the reduction in GCase protein level observed in the mutant L444P
variant raised our suspicion that it could be due to elimination of the misfolded
mutant protein by proteasome during the process of ERAD. We therefore
monitored the fate of GCase protein by incubating fibroblast lines derived from
wild type, both N370S and L444P GD patients, and the corresponding
heterozygous lines with 26 nM of proteasomal inhibitor Epoxomicin. (see page
68). Epoxomicin treatment inhibits proteasome and hence prevents the disposal
of mutant enzyme by UPS pathway during the later stages of UPR. Although not
evident in wt/wt fibroblasts as most of GCase was mature (i.e. lysosomal), all
Epoxomicn treated L444P GD fibroblasts and to lesser extent the heterozygous
state blot showed increased protein levels indicating stabilization of GCase
protein through proteasomal inhibition as they were no longer degraded by UPS
(Figure 0.12) and (Figure 0.13).
We also wanted to asses if the trapped GCase has induced UPR and whether it
is gene dosage dependent, limited to homozygous mutations, due to greater ERtrapping. We analyzed BiP levels in the same cells used for ER trapping above
(Figure 0.14). Our results showed no significant difference in BiP levels (P>0.999)
between wildtype (0.303, n=1), GD fibroblasts (0.202±0.044), and heterozygous
mutant lines (0.243±0.068). This suggested that in wt/L444P fibroblast model, the
trapped GCase in the ER was not sufficient to induce UPR.

126

Figure 0.14 Comparing BiP expression level between GD, heterozygous N370S and
L444P mutations: (A): Representative western blot image of BiP showing overall
comparable levels of the BiP protein between the control and GD homozygous and
heterozygous L444P and N370S fibroblasts, β Actin was used as a loading control (B):
Bar chart analysis showing no significant change in BiP expression between the
groups (P>0.999) in wt/wt (0.303, n=1); GD fibroblasts (0.202±0.044, n=1GDL444P, 1GD
N370S; and wt/△ lines (0.243±0.068, n=1wt/N370S and 3wt/L444P). All data were
expressed as the mean density of target protein expressed against the density of the
housekeeping protein (β actin) from each independent fibroblast cultures ±SEM,
analysis done using Kruskal-Wallis test.
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3.5

Discussion

This work has started to study the pathophysiology of the L444P mutation in
primary cultured fibroblasts derived from heterozygous mutation carriers with and
without Parkinson’s disease. Results of biochemical alterations associated with
GD L444P and heterozygous mutations are summarized in (Table 0.2).

Table 0.2 Comparison of results obtained in fibroblasts model of L444P GD and
heterozygous mutant states.

We first confirmed 34.7% significantly lower GCase activity in the wt/L444P
fibroblasts against control (*P=0.014). In addition, western blotting of these cells
showed a ~30% concomitant but nonsignificant reduction in GCase protein level.
Reduced enzymatic activity, mRNA and protein levels have been reported
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previously by other groups investigating patient derived fibroblast with a variety
of GBA mutations (de la Mata et al., 2015, McNeill et al., 2014, Sanchez-Martinez
et al., 2016, Ambrosi et al., 2015, Collins et al., 2017, Ron and Horowitz, 2005).
However, it should be noted GCase activity is considered as more accurate
quantitative measure than the assessment of protein expression level.
Due to lower GCase protein level in wt/L444P fibroblasts, we assumed that it is
most likely that mutant enzyme trapped in the ER and induces UPR leading at
later stages to its elimination by the process of ERAD resulting eventually in loss
of function and reduced protein level. The most important question we therefore
aimed to answer in this chapter, is whether heterozygous L444P is an ER
retention mutation when using human derived fibroblast model. Although it is
established that ER stress, retention and proteasomal degradation are wellcorrelated with GD severity (Ron and Horowitz, 2005), they were not documented
before in heterozygous L444P fibroblasts, and for this reason we sought to
investigate them on the heterozygous mutation state. To do so, we first went for
assessing the level of ER resident chaperon BiP/Grp78 and the ratio of
phosphorylated elf2α in L444P mutant fibroblasts. Surprisingly, we found that
both BiP level and elf2α phosphorylation were unchanged in mutant lines with
respect to control. However, other groups showed significant upregulation of BiP
and calnexin levels in GD fibroblasts and to lesser extent in PD derived cells with
GBA mutations (McNeill et al., 2014). This was indicating that ER stress is
secondary to trapped mutant enzyme. Additionally, dysregulation of Ca2+
homeostasis

and

increased

vulnerability

to

stress

responses

and

neurodegeneration has been observed in patients derived fibroblast with GBA
mutation (Kilpatrick et al., 2016). Although McNeill et al. group has pooled a
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variety of homozygous and heterozygous mutations together, the discrepancy
between our findings and the above studies is less likely to be due to loss of
function since ER stress and Ca2+ level perturbation in Kilpatrick et al. work was
independent of GCase pharmacologically induced loss of activity in heterozygous
N370S fibroblasts.
We then looked at the intracellular processing and trafficking of the mutant
enzyme by conducting endo-H assay with and without proteasomal inhibition by
Epoxomicin treatment. GCase that unfolds and becomes trapped in the ER
contains N-linked glycans which are sensitive to cleavage by endo-H. Our results
showed evidence of ER retention in L444P homozygous state in which the vast
majority of GCase was Endo-H sensitive, and only a small amount was lysosomal
and present in the mature form. On the contrary, and in wild type and
heterozygous L444P, a small residual fraction of Endo-H sensitive GCase started
to appear after prolonged exposure of the blot to provide us an evidence of ER
retention in these cells but was less extensive than GD fibroblasts. Many
observations were reported previously using fibroblast carrying different GD and
GBA heterozygous mutations, and are corroborated to our findings (de la Mata
et al., 2015, McNeill et al., 2014, Bendikov-Bar et al., 2011, Ron and Horowitz,
2005, Mu et al., 2008). In addition, the increased protein level after Endo-H
treatment in the presence of Epoxomicin further confirmed that the mutant variant
is retained in ER and degraded and thus leading to reduced GCase level
observed in the mutant variant. However, despite the evidence that L444P and
N370S mutations are usually associated with decrease in protein expression due
to ERAD (Gegg and Schapira, 2018), there was no alteration in UPS function in
our heterozygous L444P fibroblast model. Additionally, the ER trapped fraction
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of mutant GCase in our model was not sufficient to induce ER stress and UPR
as evident by normal BiP level in heterozygous lines (n=5) and GD fibroblasts
(n=2). Perhaps western blotting is not sensitive enough to detect upregulated BiP
level since such an increase was very small in Thapsigargin treated control
fibroblasts. Alternatively, More sensitive approaches such as Ca2+ release
studies like in (Kilpatrick et al., 2016) or immunofluorescence measures of
calnexin ER stress marker in (Garcia-Sanz et al., 2017) are better required to
investigate ER stress and thus could be considered as future prospective. The
altered Ca2+ signalling in Kilpatrick et al. study was observed in some but not all
primary fibroblasts cultures with N370S GD/ heterozygous mutations. Likewise,
there was some variability in BiP expression among both normal and mutant
fibroblasts lines used in our study which once again, rises the possibility that UPR
is cell lines specific or is even activated differently in various cell type.
We next wanted to investigate that if the reduced level of GCase protein was not
due to defective trafficking of the enzyme from the ER to the lysosome by
measuring LIMP2 protein level by western blot. As expected, LIMP2 level did not
differ between the wt/L444P fibroblasts and the control (n=5, p=0.591) suggesting
that GCase sorting was not abrogated in these cells. This was consistent with the
previous observation of (McNeill et al., 2014, Ambrosi et al., 2015, Magalhaes et
al., 2016). In fact, Reczek and collaborators have shown that GCase/LIMP2
complex formation, in mannose-6-phosphate independent manner, and the
subsequent sorting of to the lysosome were still preserved even in the most
common GD mutant fibroblasts, namely L444P and N370S mutations (Reczek et
al., 2007).
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In addition, the activities of β-hexosaminidase and β-galactosidase enzymes
were not altered between mutant and control groups. This further confirmed that
the reduced GCase activity was due to mutation and not due to defective
lysosomal biochemistry, and the only lysosomal enzyme affected by GBA
mutation is GCase enzyme. Similar results were reported previously by groups
such as (Tatti et al., 2012, Collins et al., 2017, Kilpatrick et al., 2016, Ron and
Horowitz, 2005) using larger cohorts of L444P, N370S NMC and GD-derived
fibroblast. Despite that, a subtle alteration in lysosomal biochemistry was found
in (McNeill et al., 2014) work. They reported an increased β-hexosaminidase and
β-galactosidase activities in GCase deficient fibroblast. However, with the given
evidence of elevated lysosomal hydrolyses activity in different tissue
homogenates derived from GD patients regardless of their normal protein levels
(Moffitt et al., 1978), the enhanced enzymatic activity in above study could be
explained as a compensatory mechanism to catabolize the glucosylceramide
substrate accumulating in GD cells.
We also screened for other potential aspects of physical and chemical alteration
in lysosome associated with wt/L444P mutation by measuring the basal level of
cleaved/mature enzyme Cathepsin D, and the late endosomal/lysosomal marker
LAMP1. No significant change in LAMP1 level between mutant cells and control,
which was consistent with the lack of defect in β-hexosaminidase and βgalactosidase enzymes activities in these cells. However, despite being
statistically non-significant, there was a tendency of increased Cathepsin D
expression in L444P heterozygous fibroblasts with respect to control. The same
finding previously was reported by other groups in GCase deficient fibroblasts
(McNeill et al., 2014, Tatti et al., 2012, de la Mata et al., 2015, Kilpatrick et al.,
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2016). Although there was no associated alteration or increased lysosomal mass,
as evident by normal LAMP1 protein level, Cathepsin D activity or protein
expression level went up significantly in some of these studies (Tatti et al., 2012).
Therefore, one would speculate that the increased protein level or activity of
Cathepsin D acts a defensive cellular response to decrease GCase activity in far
sever bi-allelic mutations such as GD L444P. Another difference between our
study and that of Ambrosi and collaborators who reported reduced Cathepsin D
level is that they pooled N370S and L444P cells in their study. Thus, it is not clear
if this experimental approach concealed a possible upregulated level of cathepsin
D. Despite that fact that increased expression of cathepsin D was always present
in areas of the brain where gliosis is profound, extensive expression and altered
cellular distribution of cathepsins predispose to apoptosis and cellular loss
through activation of caspases. To further support this notion, elevated mRNA
and increased activities of Cath B /Cath D were also reported in more relevant
disease model such as GD mice cortex. In this study and in agreement with our
findings, all lysosomal protein including LAMP1 were not affected. This once
again might suggest that the compensatory protein upregulation in GD is only
confined to a subset of lysosomal proteins, particularly Cathepsin D protease.
Even other lysosomal storage diseases were associated with elevated mRNA of
cathepsin D and/or B and all of which were characterized by neuronal cell loss
(Vitner et al., 2010).
Dysfunction of autophagy lysosomal pathway plays an important role in the
pathogenesis of PD (Dehay et al., 2013). With the given evidence of defective
lysosomal function associated with GCase deficiency, we further characterized
our fibroblasts model and measured the effect of heterozygous L444P mutation
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on the MA pathway. To do this, we used two markers of MA, LC3-II, and p62,
both of which help recruitment of autophagosomes, which then fuse with
lysosomes, and the cargo is degraded. Both LC3-II and P62 levels did not
significantly differ between experimental groups under basal conditions. In
addition, although Bafilomycin A1 treatment increased both LC3-II and p62 as
expected, their levels were the same in both wt/L444P mutant and control cells.
These findings suggested that there is no evidence of defective of MA in
wt/L444P fibroblast. The same findings have been reproduced in heterozygous
and GD patients-derived fibroblasts (McNeill et al., 2014, Tatti et al., 2012) and
even in GBA KO MEF (Magalhaes et al., 2016). However, it must be noted that
in McNeill et al. work, only the basal levels of autophagic markers LC3-II and P62
were assessed without measuring flux. Therefore, a subtle alteration in the
pathway cannot be excluded. Alternatively, the homozygous GD state and/or the
type of mutation including the two common mutations N340S and L444P,
recombinant alleles or null mutations, could have a noticeable impact on the
degree of MA flux impairment. Defective flux was apparent in three L444P GD
fibroblasts (de la Mata et al., 2015) and in a variety of PD and/or GD patients
derived fibroblast harboring either homozygous or recombinant mutations
(Collins et al., 2017, Garcia-Sanz et al., 2017). Intriguingly and corroborating our
results, we noticed when dissecting Collins et al. cohort that N370S mutations
either in GD homozygous state or heterozygous mutation carriers with PD
exhibited defective MA flux whereas fibroblasts derived from PD patients with
heterozygous L444P mutation showed preserved MA flux. Furthermore, it was
Cathepsin D downregulation in Sap C deficient fibroblasts that resulted in altered
lysosome function compared with that observed in examined GCase-deficient
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cells, even those homozygous for the two most common mutations, N370S and
L444P (Tatti et al., 2012). More importantly, in (Mazzulli et al., 2011) study, they
analysed the proteolysis of long-lived proteins in GCase KD living neurons by
pulse-chase experiment in an attempt to assess ALP in these cells. As a result,
they reported 40% significant reduction in the rate of proteolysis which was
concomitantly associated with accumulation and enlargement of LAMP1-positive
puncta in immunofluorescence analysis. Similar observation reported in other
cellular models such as wt/N370S fibroblast in (Garcia-Sanz et al., 2017) in which
image analyses detected increased lysosomal mass, dispersed distribution of
lysosome inside the cytoplasm and accumulated autophagosome which were all
indicative of impaired lysosomal function and MA flux. Therefore, the defective
flux observed in these studies could suggest that more sensitive methods rather
than western blotting are needed to investigate ALP in fibroblasts. Among these
methods, immunofluorescence measures could be addressed in our future work
as fibroblasts are not neuronal cells and presents undetectable level of A-SYN
substrate to trace its degradation.
In addition to MA, chaperon mediated autophagy (CMA) is involved in the
pathogenesis of PD. Importantly. It is considered as the main degradative
pathway for A-SYN, the major constituent of Lewy bodies in PD (Sala et al.,
2016). Dysfunction of both ALPs was implicated in accumulation, aggregation,
and cell to cell propagation of A-SYN (Gegg and Schapira, 2018). During CMA,
all substrate proteins are characterized by the presence of a pentapeptide motif
that binds to a cytosolic chaperone, the heat shock protein of 70 kDa (Hsc70)
docks at the lysosomal membrane by binding to lysosome-associated membrane
protein 2A (LAMP2A) delivering the target into the lysosomal lumen for
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degradation by hydrolases and proteases (Cuervo et al., 1999). Our results
showed no evident change in LAMP2A and HSC70 markers in the wt/L444P
fibroblasts when compared to control indicating intact basal activity of CMA
pathway in these cells. On the contrary, compromised CMA was reported in GBA
KO MEF as evident by decreased level of GAPDH substrate in the wild type cells
but not in GBA heterozygous and KO MEF after cycloheximide (CHX)-induced
protein synthesis inhibition, However, both LAMP2A and HSC70 markers were
not changed in these cells (Magalhaes et al., 2016). One main function of CMA
is to recycle non-essential substances under cellular stress and protein synthesis
shutdown (Sala et al., 2016), and it is possible that the subtle alteration observed
here in CMA of GBA KO MEF was due to its compensatory upregulation in the
wild type MEF under CHX treatment and not due to far sever loss of GCase
activity in KO state since similar effect was encountered in GBA heterozygous
MEF.
We also investigated if there is any UPS alteration associated with L444P
mutation by measuring the catalytic activity of 20S subunit proteasome. In 5 wt/wt
and 4 wt/L444P fibroblasts lines, the reaction rate was calculated in μM of
AMC/1hr/ug of protein and our result showed comparable activity between
L444P/wt fibroblast and the control group. This was in line with finding reported
by (Ambrosi et al., 2015), in which no change in 20S proteasomal activity was
found even in far more severe mutations such as N370S and L444P GD
fibroblasts. On the contrary and in the same study, fibroblast derived from iPD
showed lower basal level of UPS than the control together with association of a
slight but not significant increased ubiquitinated proteins level. This observation,
with another previously reported by the same group (Ambrosi et al., 2014), were
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consistent with McNaught et al. findings (McNaught et al., 2003). It possible as
speculated before by (Ambrosi et al., 2014) that the absence of such a deficit
reported in GBA-linked PD fibroblasts was due to compensatory activation of
UPS during the process of ERAD which facilitates clearance of misfolded mutant
variant retained in the ER.
Ambroxol hydrochloride is a known cough expectorant and well-established
chaperon molecule which can bind unfolded mutant GBA protein and helps its
trafficking to the lysosome. Among 1040 drug screened in the national institute of
neurological diseases (NINDS) library (Maegawa et al., 2009), Ambroxol was
Identified as a potential pharmacological chaperon that can be used effectively
for GBA mutant variant cases. Furthermore, many studies have previously used
fibroblast model as a target for Ambroxol (Sanchez-Martinez et al., 2016, McNeill
et al., 2014, Ambrosi et al., 2015, Bendikov-Bar et al., 2011). They confirmed that
Ambroxol administration in mutant cells, improved the lysosomal biochemistry by
upregulating genes involved in Coordinated Lysosomal Expression and
Regulation (CLEAR) network, rescues the GCase activity, enhance its trafficking
to the lysosome and reducing ER stress. This signifies its use as a potential
therapeutic agent in neurodegenerative diseases associated with proteinopathy
such as GBA- linked PD.
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3.6

Conclusion

In this chapter, we showed that heterozygous L444P mutant GCase has 37.4 %
lower enzymatic activity and almost 30% reduced protein expression level with
respect to control. This was associated with no concomitant deficits of either ALP
or UPS protein degradation pathways. The no apparent change in MA flux might
be attributed to either the cellular robustness or the lower energy requirements of
fibroblasts, when compared to iPSc-derived dopaminergic neurons, where
inhibition of MA flux has been showed in heterozygous GBA mutations
(Fernandes et al., 2016, Schondorf et al., 2014). However, there was evidence of
slight ER trapping of mutant enzyme in heterozygous state which was not enough
to induce unfolding response as explained by unchanged BiP level. This can
finally suggest that fibroblasts cannot reproduce all the biochemical abnormalities
encountered in GBA-linked PD, and this might raise the concern about its
physiological relevance as a cell models studied.
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4 L444P heterozygous GBA Mutation in Mouse Cortical
Neuronal Model
4.1

Introduction

This chapter provides an insight into the negative impact of heterozygous L444P
heterozygous mutation on primary and adult mice cortical neurons. We worked
to identify the pathological findings associated with GBA mutation such as
lysosomal dysfunction, mitochondrial impairment and A-SYN dysmetabolism. We
also utilized A-SYN preformed fibrils (PFFs) seeded MCN model to demonstrate
how GBA mutations in these neurons can worsen handling A-SYN fibrils. GBA
mutations was shown to play a substantial role as a genetic etiology of dementia
of Lewy body (DLB) and PD with dementia with odds ratios of 8.3 and 6.5
respectively (Nalls et al., 2013, Goker-Alpan et al., 2006, DePaolo et al., 2009).
The pathological background of GBA-PD appeared to be identical to that of
idiopathic disease with accumulation of alpha synuclein (A-SYN) in LB as a
crucial pathognomonic event not just in PD but also in LBD. The existence of
such intracytoplasmic inclusions in GBA-PD strengthen the relationship between
A-SYN pathology and GBA mutations (Schapira, 2015, Goker-Alpan et al., 2006).
Previous study of post mortem brain tissue of individuals with LBD reported
GCase protein colocalized with A-SYN in LB inclusions (Goker-Alpan et al.,
2010). Interestingly, almost all of the cases in this study were carrying GBA
mutations with an extensive cortical involvement. This could signify the role of
GBA mutations in A-SYN aggregation and the biogenesis of LB in vivo, possibly
through gain of function mechanism. However, it does not exclude the fact that
mutant GCase enzyme could contribute to defective clearance and aggregation
of A-SYN as evidenced by its colocalization with LAMP1 protein. For this reason,
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the loss of function hypothesis might be also implicated in such pathological
event. Although dopaminergic neurons are the most vulnerable spot affected in
the pathogenesis of PD, dementia emerges as one of the most debilitating
complication when cortical tissue succumbs throughout the ascending course of
the disease (Liu et al., 2016). The abundant LB pathology in the neocortical and
limbic tissue and its frequent association with a spectrum of LBD with GBA
mutations, shed the light on the sequential biochemical and pathological
alterations in cortex with such mutations (Goker-Alpan et al., 2010). Additionally,
TH-positive neurons of primary mesencephalic culture might be diluted or their
effect is often cancelled by the presence of other non-dopaminergic neurons as
they only make up 1 to 5% of the midbrain tissue (Falkenburger and Schulz, 2006,
Braak et al., 2003). We therefore selected heterozygous L444P mutant mouse
primary cortical neurons as a relevant cellular PD model as judged by cognitive
decline associated with the mutation.
Previous studies have established the relationship between GCase activity and
A-SYN utilizing cortical neurons; complete knock out of GBA resulted in
accumulated A-SYN in mouse cortical neurons (Osellame et al., 2013). Instead
of manipulating the gene, pharmacologically induced loss of GCase activity in 10
days CBE treatment of primary mouse cortical neurons compromised the
lysosomal recycling and function resulting in increased accumulation of A-SYN
in the treated neurons (Magalhaes et al., 2016). Alternatively, the accumulated
glucosylceramide substrate in GBA knockdown (KD) cortical neuronal culture
stabilized the oligomeric intermediates of A-SYN leading to further defect in
lysosomal function (Mazzulli et al., 2011). Also, an age-dependent progressive
decline in GCase activity was observed in the SNpc and putamen regions of
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postmortem samples of healthy individuals. The observed reduction was
comparable to GCase activity in both GBA-mutation carriers and sporadic PD
patients and coincided with accumulated glycosphingolipid (GluSph) substrate.
(Rocha et al., 2015a, Huebecker et al., 2019). The inhibition of glucosylceramide
synthesis reduced level of hippocampal A-SYN aggregates and alleviated the
associated cognitive deficits seen in synucleinopathies mouse models, including
D409V GBA mutants (Sardi et al., 2017). Similarly, augmented GCase activity,
mediated by its overexpression in this model and in CNS of A53T synuclein
mouse model, has helped to modulate A-SYN process and acted as a therapeutic
strategy that may prevent the progression of the disease (Sardi et al., 2011, Sardi
et al., 2013). Correspondingly, increased A-SYN level in twenty-month-old A53T
transgenic mice were associated with significant reduction in GCase activity
throughout different parts of the brain including cerebral cortex (MigdalskaRichards et al., 2016). Therefore, the resulting positive feedback loop between
A-SYN and GCase might be representing a combination of both loss and toxic
gain of function resulting from the overexpressed mutant enzyme hence this
relationship could induce a self-propagation of the disease.
In addition, treatment of rat midbrain dopamine neurons with A-SYN preformed
fibrils (PFFs) has previously induced a time and dose dependent accumulation of
insoluble synuclein species which underwent phosphorylation at Ser129 and
mitochondrial dysfunction (Tapias et al., 2017, Grassi et al., 2018).
Additionally, we limited our investigations in wt/L444P MCN to PFFs as those
forms have been shown to be the only A-SYN species that trigger aggregation of
endogenous synuclein both invitro and in vivo, (Luk et al., 2012, Luk et al., 2009).
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Defective GCase activity was also found to enhance the nigral cell loss induced
by A-SYN overexpression in heterozygous L444P aged mice (MigdalskaRichards et al., 2017). However, with the given evidence of special and temporal
pathology spread of LBs and Lewy neurites in PD, reaching the cortex at the final
stage of PD and the paucity of dopaminergic neurons, it might represent an
inevitable obstacle when protein aggregation, viability and biochemical assays in
disease model is the frequently considered outcome.
Effective mitochondrial quality control and lysosomal clearance of damaged
organelles and cellular materials are essential for maintaining cellular
homeostasis particularly in post mitotic cells such as neurons (Osellame et al.,
2013). Mitochondrial dysfunction has been greatly implicated in familial PD, with
mutations in PINK1, Parkin and DJ-1 (Schapira, 2008). Defective NADHubiquinone reductase (Complex I) activity was observed in the substantia nigra
of sporadic PD patients (Schapira et al., 1990, Schapira et al., 1989). In PD,
perturbation of mitophagy, accumulation of A-SYN, defective calcium
homeostasis and build-up of oxygen free radical species are all implicated in the
pathogenesis and cell death, (Gegg and Schapira, 2018). It was also proposed
that GBA mutations increase the risk for PD by inducing the same pathology as
in sporadic PD brain (Schapira, 2015). Due to the dependence of neurons on
mitochondrial activity, we sought in this chapter to assess whether deficient
GCase activity leads to accumulation of bioenergetically compromised
mitochondria in wt/L444P primary mouse cortical neurons.
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4.2

Experimental Aims

The central aim of this chapter is to investigate the impact of heterozygous L444P
mutation in the context of PD in utilizing mouse cortical neuronal model.
4.3

Objectives

A. Characterization of mouse cortical neuronal (MCN) cultures by measuring
activities and GCase and other lysosomal enzymes.
B. Investigating UPR in MCN and adult mice cortical brain regions.
C. Assessment of any defect in the protein’s degradation machineries
associated with L444P mutation by characterizing autophagy flux, markers
of CMA and UPS in the MCN.
D. With the given evidence that A-SYN is degraded by the above-mentioned
degradation pathways, investigating its metabolism in mouse neurons as
pathological consequence of L444P mutation is crucial outcome of this
chapter; the effect of PFFs seeding on the basal level of A-SYN and the
proportion of soluble and insoluble protein fractions in both control and
L444P MCN will be investigated.
E. Assessment of mitochondrial respiratory function using Seahorse
technology and mitochondrial content in primary cortical neurons and brain
tissues of WT/L444P adult mice.
4.4

Experimental Design

As homozygous L444P mutation is lethal in mice, the designed experimental
work was performed on the heterozygous mutant state. Mice were treated in
accordance with local ethical committee guidelines and the UK Animals
(Scientific Procedures) Act 1986. The colony was maintained under project
license 70/7685 issued by the UK Home Office. B6;129S4-Gbatm1Rlp/Mmnc
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(000117-UNC) mice expressing heterozygous knock-in L444P mutation in the
murine GBA1 gene (L444P/+ mice) were purchased from the Mutant Mouse
Regional Resource Centre (MMRRC), (Liu et al., 1998).
Mouse cortical neuronal cultures were prepared from E16 embryos following the
standard procedures as described in (section 2.1.3) of materials and methods
chapter. Briefly, dissociated cortical neurons were cultured in a polyornithine
coated 6 well plates, or XF 24 wells seahorse plate for investigating mitochondrial
function, with regular media changes until they were harvested on10 DIV. For
downstream experiments, cultures were either treated with 0.2μM of Bafilomycin
A for 6hours to inhibit macroautophagy or 2.5 μM of GW4689 for 24hours to inhibit
exosome release prior to harvesting. Cell pellets were frozen at -80°C until time
of experiment. For PFFs seeding, neurons were treated with a final concentration
of 5 μg/mL per well in 4 or 5 DIV. Cultures were maintained for 10 days (3 days
in presence of PFFs and then at least another 7 days of media changes) as
illustrated

in

(

Figure 0.1). Upon harvesting,1ml of conditional media was collected from each
sample for downstream analysis such as dot blot and ELISA.

144

Figure 0.1 Timeline of culturing, GW4689 treating and PFFs seeding of mouse cortical
neuronal (MCN).
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4.5

Results

4.5.1 Immunocytochemistry of Mouse Cortical Neurons
Prior to investigating the effect of heterozygote L444P mutation in MCN, the purity
of these primary cultures was assessed. Immunocytochemistry staining was
performed to prove that these are neurons with a very little glia contamination.
E16 mouse cortical neurons harvested on day 10 in culture were immunostained
using Anti-GFAP (Glial fibrillary acid protein) for labelling Astrocytes, and Anti β
III Tubulin to label neurons. Cells were counterstained with DAPI (4',6-diamidino2-phenylindole) to visualize DNA in the nuclei. The majority of MCN culture was
neuronal as shown in the merged image (Figure 0.2, D). Immunostaining for the
microglia marker Iba1 was negative and to further confirm these findings, western
blotting of MCN preps showed expression of β III Tubulin protein at the expected
size in neurons, but not Iba1. The rat BV2 microglia cell line was used as a
positive control for Iba1 (Figure 0.2).
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Figure 0.2 Immunocytochemistry analysis of mouse cortical neurons. A): Imaging was
performed using a 40 X objective; (A) counterstain of nuclei with 4',6-diamidino-2phenylindole (DAPI). (B) Anti β III tubulin labelling of neurons. (C) Astrocytes labelled
with anti-GFAP (Glial fibrillary acid protein) antibody. (D) Merged image shows that
the culture is mostly neuronal. (B): Western blot representative image of BV2 microglia
cell line, primary mouse astrocytes and neuronal cultures, (n=1); β III tubulin is only
expressed in neurons (red arrow) whereas Iba1 (microglial activation marker) is
expressed in microglia (yellow arrow), GAPDH was used as loading control.

4.5.2 GCase activity in mutant mouse cortical neurons
Results showed that GCase activity in heterozygous mutants was 37.6 %
significantly lower than the control, (*p=0.031, n=4), (Figure 0.3). However, with
the low yield feature of post mitotic MCN, it was challenging to detect GCase
protein expression in these cells. The antibody that detects mouse GCase (Sigma
G4171) requires 80µg of protein for a valid western blot analysis of GCase
expression in MCN lysate and still gives a very weak signal, (Dr. Matthew Gegg,
personal communication). To address this issue, we tried IF but this was also
negative and we were not able to detect endogenous GBA protein in mouse
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cortical neurons (Figure 0.4). Thus, the available data was limited to the GCase
enzymatic activity which was expectedly reduced in wt/ △ neurons.

Figure 0.3 GCase activity in wt/△ mouse cortical neurons. GCase enzyme activity was
significantly %37.6 lower in wt/△ neurons (mean= 0.307 ±0.027) as compared to
control (mean=0.492±0.060). Data represent the mean GCase activity expressed as
nmol/hr/µg protein ± the standard error of the mean from 4 independent MCN cultures
(n=4 and *p=0.031).
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Figure 0.4 Immunocytochemistry analysis of mouse cortical neurons. (A):
counterstain of nuclei with DAPI. (B): Positive immunoreactivity of A-SYN using Anti
mouse A-SYN labelling (C): MCN labelled with rabbit anti-GBA antibody (red channel)
showing no GCase protein immunoreactivity. (D): Merged image confirming no
endogenous GCase protein expression detected.
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4.5.3 Assessment

of

Other

Lysosomal

Hydrolases

Activities

and

Lysosomal Contents in wt/△ MCN Model
In contrast to GCase, no significant alteration of β-hexosaminidase (p=0.905) and
β-galactosidase (p=0.576) activities was observed in wt/ △ neurons against
control groups (n=4), (Figure 0.5).

Figure 0.5 Summarization of β-hexosaminidase and β-galactosidase activities in wt/△
MCN. Enzymatic activity was measured in nmol of product/minute/µg protein, there
was no significant change of either enzymatic activities between experimental groups.
(A): The mean hexosaminidase activity in wt/wt group= 0.112± 0.011 and in wt/ group
=0.109± 0.017, (p=0.905, n=4) whereas in (B): β-galactosidase activity = 0.023± 0.004
and 0.020± 0.001 in control and wt/ groups respectively, (p=0.576, n=4). Each bar
represents mean of enzymatic activity from 4 independent MCN cultures ± SEM, (n=4).

To determine whether GBA mutation has an impact on the lysosomal content, we
also assessed the level of lysosomal associated membrane protein 1 (LAMP1)
(n=8wt/wt, 11 wt/△), integral membrane protein 2 (LIMP2), (n=10wt/wt, 12 wt/△)
and mature cathepsin D, (n=10wt/wt, 12 wt/ △ ) in wt/ △ MCN and their
corresponding wild type control groups. However, no statistically significant
changes were observed in lysosomal protein markers between experimental
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groups (Figure 0.6). These observations were coupled with the unchanged
activities of the for-mentioned lysosomal hydrolases and collectively supported
the notion that the reduction in GCase activity was due to GBA mutation and not
due to altered lysosomal mass.

Figure 0.6 Effect of heterozygous L444P mutation on lysosomal contents in mouse
cortical neurons. (A, C and E): Representative western blot images of (A) LAMP1
endolysosomal marker (C) LIMP2, (E) Mature cathepsin D showing apparently
comparable band densities of each protein between wt/ △ neurons and their
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corresponding wildtype control groups, β Actin was used as loading control. (B): Bar
chart quantification showing no significant alteration (p=0.587) in LAMP1 mean
expression level between wt/△(0.685±0.059) and wt/wt (0.749±0.110) groups, (n=8wt/wt
and 11 wt/△). (D): Bar chart summarizing LIMP2 expression level and showing no
significant change (p=0.960) between wildtype (0.982± 0.148) and wt/△(0.973± 0.072)
groups, (n=10wt/wt, 12 wt/△). (F): Bar chart quantification of cathepsin D protein
showing comparable levels (p=0.256) of protein expression between wt/△ neurons
(0.528± 0.016) and wildtype control group (0.468± 0.085), (n=10wt/wt, 12 wt/△). All data
represented the mean density of target protein expressed against the density of the
housekeeping protein (β actin) of MCN cultures from 3 independent preps.
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4.5.4 Effect of L444P Heterozygous Mutation (wt/ △ ) on Autophagy
Lysosomal Pathway (ALP) and Ubiquitin Proteasomal System (UPS)
4.5.4.1 Effect on Macroautophagy (MA) Pathway
We have previously found normal autophagic flux with heterozygous L444P
mutation in human dermal fibroblasts (Figure 0.5). Thus, we investigated whether
this mutation can promote defect in autophagic machinery in mouse primary
cortical neurons. Our results were obtained from several independent cell
cultures and were similar to those observed in fibroblasts as illustrated in (section
3.4.3). We used two markers of MA, LC3-II, and p62 to investigate autophagy
flux, both under basal condition and when treating cells with 0.2 μM of bafilomycin
(BAF) A1 for 6 hours. During autophagy, LC3II is recruited to autophagosomal
membrane to fuse with the lysosome in which intra-autophagosomal contents are
degraded by lysosomal hydrolases. Detection of LC3-II level by immunoblotting
is considered as reliable method for monitoring the number of autophagosomes
in the cell, while p62 reflects how much cargo is present within these
autophagosomes as it helps bind cargo to the LC3-II on autophagosomes. Our
results showed that under basal conditions (ut), the amount of LC3-II and p62
were unchanged indicating that both autophagosome number (LC3-II) and cargo
(p62) were unaffected by mutation; (mean LC3-II level in both untreated wt/wt
and wt/Δ group was 0.547 ±0.059 and 0.562±0.090 respectively whereas the
mean P62 level in the respective group was 0.262±0.068 and 0.321±0.073),
(Figure 0.7). After six- hours blockade of autophagy flux, there was a significant
increase in LC3-II (***P=0.0003) and p62 (****P<0.0001) levels of bafilomycintreated neurons against untreated control groups. However, this increment was
similar between wt/wt cells and wt/Δ groups showing that the presence of
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mutation did not affect the rate of synthesis of autophagosomes (LC3-II in both
treated wt/wt and wt/Δ groups =1.251±0.124 and 1.074±0.114 respectively
whereas P62 levels in the corresponding groups = 0.940±0.081 and 0.830±0.086
respectively), (Figure 0.7 B, C). In light of this, MA flux was found unaffected in
mouse cortical neurons with L444P heterozygous mutation.

Figure 0.7 Evidence of no impairment of macroautophagy flux with heterozygous
L444P mutation in mouse cortical neurons. (A): Representative western blot images
showing no evident change in P62 level (top panel) or the LC3-II level (middle panel)
between wt/wt and wt/ △ groups, both under basal condition (-) and following
bafilomycin (BAF) treatment (+), β Actin was used as loading control. (B): Bar chart
analysis of autophagic protein (P62) densities showing that BAF-treatment
significantly increased P62 level in wt/wt (****P<0.0001) against their corresponding
untreated group; P62 untreated =0.262± 0.068; +BAF =0.940± 0.081. Also, a similar
trend of increased P62 level was detected in wt/△ neurons following autophagy
blockade; bafilomycin significantly increased P62 level in wt/ △ (0.830± 0.0.086),
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(***P=0.0003) against wt/wt control group (0.321±0.073). Despite that, there was no
significant change in P62 between wt/wt and wt/△ neurons with (P=0.789) and without
(P=0.973) bafilomycin treatment, (n=10 wt/wt, 9wt/△). (C): Bar chart summarizing LC3II expression level and showing bafilomycin significantly increased LC3-II in both
wt/wt (****P<0.0001) and wt/ △ (**P=0.003) groups. Similar to P62, there was no
significant change LC3-II level in wt/wt and wt/△ regardless of the presence (P=0.623)
or absence (P>0.999) of BAF treatment; mean LC3-II level under basal condition was
0.547± 0.059 in wt/wt and 0.562±0.090 in wt/△ groups whereas following bafilomycin
treatment, LC3-II in wt/wt=1.251± 0.124 and in wt/△=1.074± 0.114. Data represent the
mean density of the LC3-II and P62 proteins expressed against the density of the
housekeeping proteins (β actin or GAPDH) of MCN cultures from three independent
neuronal preps± SEM.

4.5.4.2 Effect on Chaperone Mediated Autophagy (CMA)
Under physiological condition, monomeric A-SYN can also be trafficked via CMA
and ultimately degraded by lysosomes, (Cuervo et al., 2004). Given the
encountered defects in CMA pathway in PD brain (Alvarez-Erviti et al., 2010), we
assessed the protein levels of two key mediators of this pathway, LAMP2a and
HSC70 proteins, as manipulating this pathway could be crucial therapeutic target
in PD. Our result was similar to those found in fibroblasts model; it showed no
significant alteration in both LAMP2a (P=0.776) and HSC70 (P=0.522) markers
between wt/△cortical neurons and control groups; LAMP2a in wt/△ mouse
neurons= 0.656±0.080 and in wt/wt= 0.698±0.121whereas HSC70 =0.609±0.119
in wt/wt and 0.719±0.115 in wt/Δ group, (n=7wt/wt, 8wt/△ from two independent
MCN preps). This suggests that CMA is unaffected in mouse cortical neurons
with wt/△ mutation, (Figure 0.8).
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Figure 0.8 Analysis of chaperon mediated autophagy (CMA) related proteins in wt/△
mouse cortical neurons. (A, B): Representative western blot images showing no
evident change in LAMP2a (top blot) and HSC70 (bottom blot) markers of CMA in wt/
△ MCN when compared to wt/wt control, β Actin was used as loading control (C): Bar
chart quantification showing comparable LAMP2a levels between wt/ △ mouse
neurons (0.656±0.080) and control (0.698±0.121), (n=7wt/wt, 8wt/△, P=0.776). (D): Bar
chart quantification showing no significant change in HSC70 level between wt/wt
(0.609±0.119) and wt/△ MCN (0.719±0.115), (n=7wt/wt, 8wt/△, P=0.522). Data represent
the mean density of LAMP2a and HSC70 proteins expressed against the density of
housekeeping protein (β actin) of cultures from two independent preps± SEM.
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4.5.5 Ubiquitin Proteasomal System (UPS) in wt/△ MCN
UPS also contributes to the phenomenon of unfolded A-SYN turnover. The
previous finding of defective UPS in both iPD brains and in GBA knock out (K/O)
mouse mixed cortical neuronal culture provided direct link to A-SYN pathology
(McNaught et al., 2002, McNaught et al., 2003, Osellame et al., 2013). Therefore,
we measured the basal activity of the 20S catalytic subunit of proteasome and
our results showed no significant alteration in activity in wt/ △ MCN
(mean=0.0671±0.008) when compared to control (0.057±0.015), 20S activity was
calculated in µM of AMC/1hr/µg of protein (n=5wt/wt and 11 wt/△, P=0.554),
(Figure 0.9).

Figure 0.9 Investigating UPS activity in wt/L444P MCN model. Bar chart summarizing
20S proteasomal subunit activity (chymotrypsin like) measured in wt/△ neurons; the
activity was analyzed using Chemicon’s assay which is based on detecting the
fluorophore (AMC) after cleavage from the substrate LLVY-AMC. The reaction rate was
measured in duplicates, normalized to protein concentration and calculated in µM of
AMC/1hr/µg protein. Analysis showed no significant change in the activity (P=0.554)
in wt/△ MCN (0.067±0.008) when compared to wildtype group (0.057±0.015). Data
analyzed represent the mean of 5wt/wt and 11 wt/ △ cultures derived from 2
independent neuronal preps± SEM, (n=5wt/wt and 11 wt/△).
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4.5.6 Analysis of ER stress and UPR in wt/△ mouse cortical neurons and
adult mice brain tissue
We assessed how wt/△neurons handle misfolded mutant enzyme by measuring
the level of ER chaperone binding immunoglobulin protein (BiP), also known as
GRP78, by western blot (Figure 0.10 A, B). We found that wt/△ neurons are
showing similar levels of BiP (0.784±0.074) when compared to their control
littermates (0.830±0.084), (n=7, p=0.682).

Figure 0.10 The lack of ER stress and unfolded protein response (UPR) in L444P
mutation. (A,C): Levels of ER proteins BiP/GRP78 and elf2a phosphorylation were
determined in wt/ △ mouse cortical neurons and compared to control showing
apparently comparable levels of the two markers between the two experimental
groups, β Actin was used as loading control. (B): Bar chart analysis of BiP/GRP78
band intensity normalized to β Actin and showing no significant alteration in wt/△
neurons (0.784±0.074) when compared to control (0.830±0.084), (p=0.682, n=7), data
represent the average of 7 cultures taken from two independent MCN preps and
expressed as mean ± SEM. (D): The intensities of elf2α and phospho-elf2α were
normalized to β Actin and expressed as a ratio of phospho-elf2α/elf2α; densitometric
analysis showed comparable ratios between wt/△neurons (0.784±0.074) and control
(0.830±0.084), (p =0.682), data represent the average of 4 independent MCN cultures ±
SEM.
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consistent with this finding, levels of phosphorylated elf2α were not significantly
changed (p=0.68, n=4) between wt/ △ (0.784±0.074) and control group
(0.830±0.084) suggesting that PERK branch of UPR was not activated in wt/△
neurons (Figure 0.10 C, D). These observations were coupled with absence of
MA impairment (Figure 0.7) and A-SYN accumulation (see section 4.5.7).
Therefore, to assess if the apparent lack of UPR response is a feature of cortical
neurons as a whole or MCN only, we analyzed BiP expression in cortex of 3months old mice with wt/L444P mutation (Figure 0.11 A, B). We were not able to
detect any significant up or downregulation in BiP expression level in wt/△ 3
months old adult mice cortex (0.793± 0.040) against the corresponding wildtype
control littermates (0.733 ±0.131), (P=0.636). We also compared the endogenous
A-SYN levels in the cortex of the same mice and found no significant change
(p=0.590) between wt/△ group (1.37±0.196) and their wt/wt control littermate
Due to selective vulnerability of dopaminergic neurons in substantia nigra pars
(1.196±0.091), (Figure 0.11 C, D).
compacta (SNpc) of the midbrain in PD (Surmeier et al., 2017), we compared BiP
and A-SYN levels in the midbrain of wt/△ 3 months old mice. Similar to the cortex,
we observed no significant change (P=0.496) in BiP between wt/△ midbrain
(0.957± 0.158) and wt/wt control group (1.102 ±0.124), (Figure 0.12 A, B).
Despite that, there was a subtle increase in A-SYN level in wt/△ mice midbrain
(1.37±0.196) against wt/wt group (0.994±0.218) which did not reach statistical
significance (p=0.479), ( Figure 0.12 A, C).
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Figure 0.11 ER stress and A-SYN level in wt/L444P 3mo old adult mice cortex. (A):
Western blotting image for ER resident chaperon (BiP) in the cortex of 3 months old
mice showing apparently comparable levels of BiP expression between wt/△mutant
mice and their control littermates, β Actin used as loading control. (B): Bar chart
quantification showing no significant change (P=0.636) in BiP level between wt/△
group (0.793± 0.040) and control (0.733 ±0.131), data represent the average of 3wt/wt
and 4 wt/△ cortex samples ± SEM, (n=3 wt/wt and 4 wt/△). (C): Representative western
blot image of A-SYN expression relative to β Actin (loading control) showing no
evident change in A-SYN between wt/△ and wt/wt groups. One wild type cortex was
lacking detectable A-SYN expression (red arrow). (D): Quantification of intracellular ASYN level in wt/△ 3 months old adult mice cortex showing no statistically significant
(p=0.590) changes in A-SYN of wt/△mice cortex (1.37±0.196) against their wt/wt control
littermates (1.196±0.091). Data represent the average of 2wt/wt and 4 wt/△ cortex
samples ± SEM, (n=2 wt/wt and 4 wt/△).
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Figure 0.12 ER stress and A-SYN level in midbrain tissue of wt/L444P 3mo old adult
mice. (A): Representative western blot image for BiP and A-SYN showing apparently
comparable levels of both proteins between midbrain of wt/△ 3 months old mice and
their corresponding wt/wt littermates, β Actin was used as loading control and one
wild type midbrain was lacking detectable A-SYN expression (red arrow). (B):Bar chart
quantification showing no significant change (P=0.496) in BiP level between wt/△
midbrain (0.957± 0.158) and wt/wt control group (1.102 ±0.124), data represent the
average of BiP expression relative to housekeeping protein (β Actin) from 4wt/wt and
4 wt/△ midbrain samples ± SEM, (n=4). (C): Quantification of intracellular A-SYN level
in midbrain of wt/△ 3 months adult mice showing non-significant trend of increased
A-SYN (p=0.479) in wt/△ midbrain neurons (1.380±0.398) with respect to wt/wt control
group (0.994±0.218). Data represent the average of A-SYN expression relative to
housekeeping protein (β Actin) from 3wt/wt and 4 wt/△ midbrain samples ± SEM,
(n=3wt/wt, 4 wt/△).

Furthermore, we used 8-months old mice in our analysis to detect if BiP level
changes with time in mutant mice. Compared to 3-month-old mice (0.669±
0.076), there was no significant change (P=0.296) of BiP expression level in
cortex of 8-month-old adult mice (0.96 ±0.153), (Figure 0.13 A, B). This finding
was coupled with comparable levels of endogenous A-SYN both in 8-month old
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cortex (1.69±0.275) and 3-month adult mice group (1.468±0.203), (p=0.568),
(Figure 0.13 A, C). Taken together, these findings suggest the lack of ER stress
and UPR in MCN and brain tissues of adult mice with heterozygous L444P
mutation.

Figure 0.13 ER stress and A-SYN level in wt/△3-mo vs 8-mo old adult mice cortex. (A):
Representative western blot image showing no evident change in BiP or A-SYN
expression levels in wt/△ 8mo old adult mice cortex as compared to 3mo old mice, β
Actin was used as loading control. (B): Bar chart quantification showing no significant
change (P=0.296) of BiP expression in cortex of 8-month-old adult mice (0.96 ±0.153)
against that of 3-month old (0.669± 0.076). Data represent the average of 4 wt/△
3months old- and 4 wt/△ 8 months old-adult mice cortices ± SEM, (n=4 3-month, 3 8month). (C): Bar chart quantification of A-SYN showing no significant alteration in
endogenous A-SYN level in 8-month old cortex (1.69±0.275) with respect to 3-month
adult mice group (1.468±0.203), p=0.568 and data represent the mean expression level
of A-SYN normalized to β Actin (loading control) ± SEM, (n=4 of 3-month and 3 of 8month adult mice).
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4.5.7 Effect of Heterozygous L444P mutation on Alpha Synuclein (A-SYN)
Metabolism in Mouse Cortical Neurons
A-SYN accumulation and Lewy body formation are hallmarks of GBA-PD. We
investigated the metabolism of A-SYN in MCN model to find if the partial loss of
GCase enzymatic activity in mouse cortex exhibited the same pathology reported
previously by several study groups using different models (Mazzulli et al., 2011,
Rocha et al., 2015b). We first measured intracellular A-SYN protein level in
primary neuronal cultures by western blot and noticed first variability in A-SYN
bands intensities within cultures. Although similar pattern of expression found in
(Li et al., 2019) study, WB analysis did not show any increased A-SYN level in
the mutant neurons (0.542±0.147) when compared to wt/wt group (0.527±0.146)
(P =0.947), (Figure 0.14). This finding was further supported by the absence of
defective ALP or UPS in mouse cortex (Figure 0.7, Figure 0.8, Figure 0.9) which
if were downregulated would have predisposed to accumulation and
phosphorylation of A-SYN as reported by (Magalhaes et al., 2016, Osellame et
al., 2013, Alvarez-Erviti et al., 2010, Mazzulli et al., 2011, Cullen et al., 2011).
We then looked at the basal release of A-SYN in to MCN culture media, both
under basal condition and upon treating cells with GW4689, the neutral
sphingomyelinase (nSMases) inhibitor. GW4869 is known to inhibit ceramidemediated inward budding of intraluminal vesicles (ILV) in to lumen of multivesicular bodies (MVBs) to prevent the release of exosomes from cells (Phuyal
et al., 2014).
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Figure 0.14 A-SYN intracellular level in the wt/L444P MCN. (A): Western blot
representative image for A-SYN expression relative β Actin (loading control). Although
there was variability in A-SYN bands intensities between cultures which was
consistent with those of (Li et al., 2019) work, bar chart quantification in (B) showed
comparable levels of A-SYN between wt/△cells (0.542±0.147) and their wt/wt control
(0.527±0.146), (p =0.947). Data represent the average of 5wt/wt and 9wt/Δ cultures from
3 independent MCN preps ± SEM.

We chose to use GW4869 here to investigate if inhibiting nSMases and the
subsequent blocking of exosomes secretion would alter the release of monomeric
A-SYN species from the cell. Blocking exosomes secretion In LUHMES neurons
using 5µM GW4869 has been shown to exacerbate A-SYN induced cell death
(Fussi et al., 2018). We therefore sought to detect first the optimum inhibitory
concentration of GW4689 we should use. In a wild-type primary neuronal
cultures, we inhibited exosomal secretion by treating cells with two different
concentrations of GW4689 (2.5, 5 and 10µM) for 24 hours prior to harvesting. We
found that only neurons treated with 2.5μM inhibitory concentration showed no
apparent neurotoxicity whereas those treated with 5µM exhibited clear cell death
with fewer cell bodies associated with retraction/degeneration of neurites (Figure
0.15, black arrow) and 10µM completely killed them (data not shown).
Consequently, we excluded higher doses from further analysis and decided to
continue treating neurons with 2.5μM GW4689.
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Figure 0.15 Effect of different doses of sphingomyelinase inhibitor (GW4689)
treatment on wild type MCN (control). Light microscopic image (40x) of untreated,
+2.5µM, and +5µM of sphingomyelinase inhibitor (GW4689) with the apparent cytotoxic
effect of 5µM inhibitory concentration of GW4689. The black arrow clearly indicates
the site of cell death, fewer cell bodies and retraction/degeneration of neurites.

Following this, the amount of monomeric A-SYN released in to media was
measured by ELISA as per manufacturer’s instructions, (section 2.12.2),
(n=10wt/wt,9 wt/ △ ). We found that under basal condition, the release of
monomeric A-SYN did not significantly differ (P=0.996) between wt/wt
(2661±611.6) and wt/△ neurons (2859±719.1), (Figure 0.16).Similarly, GW4869
treatment did not significantly alter the secretion of A-SYN between wt/wt
(2971±739.5)
wt/△ group
(1598±325.4),
(P=0.
433).condition, there was no
These
findingsand
collectively
indicated
that under
basal
accumulated intracellular A-SYN or increase in its release in to culture media of
wt/ △ mouse cortical neurons. In addition, GW4869 treatment, at 2.5µM
concentration, did not affect the secretion of monomeric A-SYN in cells
regardless of genotype.
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Figure 0.16 Detection monomeric A-SYN release into culture media of wt/△ MCN using
Mouse Synuclein Alpha (SNCa) ELISA. The data were expressed as A-SYN pg/mg
protein from 10 wt/wt and 9 wt/ wt/△ independent MCN cultures with two separate
dilutions per culture, (n=10wt/wt,9 wt/ △ ); under basal condition, the release of
monomeric A-SYN did not significantly differ (P=0.996) between wt/wt (2661±611.6)
and wt/△ neurons (2859±719.1). Also, when cultures were treated with GW4869, no
significant difference (P=0.433) in monomeric A-SYN exocytosis observed between
experimental groups;(wt/wt =2971±739.5, wt/△=1598±325.4).

Furthermore, with the detection of extracellular release of monomeric A-SYN
from cells, we investigated the possibility induced exosomal release of A-SYN in
to wt/△ MCN media, both under basal condition and upon treating cells with
GW4689. The release of exosomes fractions was assessed previously using
markers such as flotillin and CD63 that are known to be located solely on the
outer surface of the exosomes (Magalhaes et al., 2018).
We first investigated the expression profile of these marker proteins, in wt/wt
neurons treated with GW4869. Western blotting confirmed a clear separation for
flotillin and CD63, both in untreated lysates and upon treating cells with 2.5 and
5µM of GW4869 (Figure 0.17), (n=1). The increased flotillin at 5µM dose of
GW4869 suggests that release of exosomes might be prevented at this dose.
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However, this dose was confirmed to be cytotoxic (Figure 0.15). In addition, dot
blot analyses of culture media derived from wt/wt and wt/△ neurons were found
immune-negative for flotillin and CD63 markers in both genotypes, (data not
shown). We therefore proceeded to run dot blot on culture media derived from
wt/△ MCN (Figure 0.18 A) and quantified another exosomes-specific protein
(Alix) both under basal condition (untreated cells) and with 2.5µM GW4869
treatment (Figure 0.18 B). We found that despite the evidence of exosomes
secretion in culture media of wt/ △ cortical neurons under basal condition
(Alix=1157981±156832), the amount released was not significantly different from
that of wt/wt group (Alix=1252183±178220), (P=0.992). In addition, when treating
neurons with GW4869 at 2.5µM concentration, it did not inhibit exosome release
as

evidenced

by

comparable

wt/wt+GW4869=1200726±169720;

secretion

between

groups

(Alix

wt/△+GW4869=1319993±189627,

Taken together, these findings suggested that there was no accumulated
P=0.981), (Figure 0.18 B).
endogenous A-SYN or enhanced exocytosis of either monomeric or exosome
associated-A-SYN in media of wt/△ mouse cortical neuron.
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Figure 0.17 Western blotting using exosome specific markers flotillin and CD63
(±GW4689 treatment). Both anti flotillin and anti CD63 antibodies gave positive signals
in both untreated and GW4689-treated wildtype MCN, (n=1).

Figure 0.18 Quantification of exosomal release in wt/wt and wt/△neurons ±GW4689.
Dot blot image and bar chart quantification of both wt/wt and wt/△neurons, treated
GW4689, showing no significant change in the release of exosomes-associated
fractions of A-SYN into CM of neurons under both experimental conditions and
regardless of the genotype; Alix in untreated wt/△=1157981±156832 which was not
significantly different from that of untreated wt/wt group (Alix=1252183±178220),
(P=0.992). Also, wt/△neurons treated with 2.5µM of GW4869 showed no difference in
exosomal

release

from

wt/wt

(Alix

wt/wt+GW4869=1200726±169720;

wt/ △
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+GW4869=1319993±189627, P=0.981), Data represent the mean ± SEM, (p=0.9222),
conditional media were collected from 13 individual cultures derived from 3
independent MCN preps (n=13).

4.5.8 Seeding neurons with preformed fibrils (PFFs)
4.5.8.1 Effect of PFFs Seeding in Wild Type Mouse Cortical Neurons
With the growing evidence that pathogenic forms of insoluble A-SYN are likely
contributing to LBs and LN pathology, we first sought to investigate whether
wildtype cortical neurons are susceptible to preformed fibril (PFFs) treatments
leading to accumulation and extracellular release of insoluble A-SYN. The
putative effect of fibrillary A-SYN treatment was first investigated on wild type
MCN a screening test. It was previously shown in our laboratory that these fibrils
can induce aggregation of A-SYN in control neurons within 10 days treatment
(unpublished data). After seeding neuronal cultures with monomeric A-SYN
species (5µg) and PFFs (5µg) for 10 days (section 2.4), TX-100 and SDS-Urea
soluble A-SYN were fractionated and separated by electrophoresis. Our results
showed that when treating neurons with monomeric A-SYN species or PFFs, the
vast majority of A-SYN remained in TX-100 soluble state and did not significantly
(P=0.941) differ from control (untreated) when quantified on lower exposure blots
(untreated=0.684±0.271;+monomeric=0.731 ±0.242; +PFFs= 0.594±0.321,n=2),
(Figure 0.19, B). As previously reported by others (Luk et al., 2012), monomeric
A-SYN did not induce endogenous A-SYN to become insoluble. However, a small
fraction of insoluble A-SYN was found in PFFs treated neurons (Figure 0.19 A
blue arrowhead). In addition, there was evidence of HMW A-SYN species (~3040kDa) present in PFFs treated MCN (Figure 0.19 A, green arrowhead). Other
higher molecular weight species (>115-250kDa in size) appeared as non-specific
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bands as there were present in untreated, monomeric- and PFFs treated neurons
and in some soluble fractions of the blot (Figure 0.19, A red asterisks).

Figure 0.19 Consequence of monomeric A-SYN and PFFs seeding of wild type MCN.
(A): Representative western blot image for wildtype MCN culture showing that in
untreated neurons or those treated with monomeric A-SYN species or PFFs, most of
A-SYN was present in TX-100 fractions. Only small fraction of insoluble A-SYN was
found in PFFs seeded neurons (blue arrowhead). HMW A-SYN species (~30-40kDa in
size, green arrowhead) were present in PFFs treated neurons. In addition, other HMW
species (>115-250kDa) were found as non-specific bands in untreated, monomericand PFFs-treated neurons and in some TX-100 soluble fractions, (red asterisk). (B):
Bar chart quantification for TX-100 soluble A-SYN expression relative to β Actin
showing comparable levels of A-SYN between untreated monomeric- and PFFs treated
MCN(p=0.941), (untreated=0.684±0.271; +monomeric=0.731±0.242;+PFFs=0.594±0.32).
Data represent the mean expression level of TX-100 A-SYN normalized to β Actin
(loading control) and derived from two independent wildtype MCN ± SEM, (n=2).
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As aggregated A-SYN fibrils might have a prion like mechanism and can be
released and spread from one cell to the other (Luk et al., 2012, Lee et al., 2014,
Gegg et al., 2020), we conducted dot blot to support the phenomenon of release
of A-SYN fibrils from cells. Because the antibody specific to synuclein fibrils
(ab209538) is a conformation specific, the protein needs to be in its native form
and detected by dot blot rather than denaturing western blotting. In dot blot, cell
culture media were spiked with 0-30ng/ml of PFFs (standard curve), and the
antibody detected PFFs in a manner proportional to recombinant PFFs dilutions
(Figure 0.20, A). Analysis of culture media derived from untreated and monomeric
A-SYN treated-wildtype MCN showed no A-SYN fibrils released in the last
24hours. However, media from PFFs-treated cells, (control I and II), were positive
for A-SYN fibrils (Figure 0.20, B). When the A-SYN fibrils were normalized to the
protein content of the well, the average amount of A-SYN fibrils released in to
conditioned media of PFFs-treated MCN was 18.212 in control (I) and 36.097
ng/ml in control (II) wild type neurons. These were 274 and139 fold respectively
lower than the PFFs concentration we used to load cultures on 4 DIV.
These findings collectively suggest that treating wt/wt neurons with PFFs induces
A-SYN to become TX-100 insoluble and enhances the release of A-SYN fibrils
from cells.
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Figure 0.20 Dot blot for the extracellular release of fibrillary A-SYN following PFFs
treatment of wild type neurons (control). Representative dot blot image showing
release of fibrillary form of A-SYN (ng/mg protein) upon PFFs seeding of wild type
(control I&II) MCN. (A): 0-30ng/ml PFFs standard curve measured by dot blot and
showing specificity of anti-A-SYN fibrillar antibody (ab209538) for PFFs in a dose
dependent manner. (B): Dot blot for A-SYN fibrils in conditioned media derived from
untreated, monomeric A-SYN and PFFs-treated wild type mouse neuronal cultures
(control I and II). Conditioned media was measured in triplicate and PFFs
concentration calculated using standard curve. After normalizing it to protein content
of the respective well, the mean concentrations of A-SYN fibrils released from treated
cultures were 18.212 in control I and 36.097 ng/ml in control II.
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4.5.8.2 Effect of PFFs Seeding in L444P Heterozygous Mouse Cortical
Neurons
Having established that PFFs induce insoluble A-SYN in control MCN, we started
treating cultured cells with PFFs in the background of heterozygous L444P
mutation. This was done in an attempt to unravel the potential increased toxicity
of PFFs treatment, not just in term of synuclein protein aggregation and
extracellular release but also to asses cellular viability and exocytosis via
exosomes through dot blot analysis of L444P MCN culture media. After 10 days
of PFFs-seeding, pellets were fractionated sequentially in a high salt + TX-100
and SDS-urea lysis buffers, the example blots are shown in (Figure 0.21).
A summary of increased insoluble monomeric and high molecular weight (HMW)
A-SYN species in PFFs- seeded GCase deficient neurons is shown in (Table
0.1), (n=9).

Table 0.1 Effect of PFFs seeding in wt/△L444P MCN

Genotype

Insoluble monomeric
A-SYN

wt/wt

7/9

wt/△

7/9

Insoluble phosphoA-SYN
2/9
5/9

HMW

6/9
9/9

Western blot analysis of cell lysates showed that treating wt/△ neurons with PFFs
induced significant accumulation of TX-100 soluble A-SYN fraction as compared
to control (wt/wt) group; (TX-100 A-SYN: wt/wt=0.372±0.101, wt/△=0.989±0.149,
n=6wt/wt, 8 wt/ △ , **P=0.008), (Figure 0.21 A, B, C). Also, a considerable
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proportion of A-SYN became TX-100 insoluble (solubilized with SDS-urea)
following PFFs treatment (blue arrowhead in Figure 0.21, A, B). When the density
of insoluble bands was measured (Figure 0.21, D), there was increased
monomeric A-SYN in wt/△ group against control, but this however, did not reach
statistical significance (P=0.386), (SDS-Urea A-SYN: wt/wt=0.404±0.095, wt/△
=0.736±0.130, n=7). Similar to previous reports (Luk et al., 2012, Gegg et al.,
2020, Tapias et al., 2017), ~46% of the accumulated insoluble A-SYN was

phosphorylated at Ser 129 (red arrowhead Figure 0.21, A and B, n=5). In addition,
there was evidence of HMW insoluble band >250 kDa observed in all blots of
PFFs-treated wt/ △ groups, (n=9), (Table 0.1, Figure 0.21 A and B black
asterisks). Other lower insoluble HMW bands (∼30-40kDa) were found in some
PFFs treated neurons regardless of the genotype (Figure 0.21 A, B green
Taken
together, these observations suggest that PFFs seeding in wt/△ neurons
arrowhead).
induced A-SYN to significantly accumulate, become TX-100 insoluble and
Ser129 hyperphosphorylated.
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Figure 0.21 Effect of PFFs treatment in wt/L444P mouse cortical neurons. (A,B):
Representative western blot image showing increased level of monomeric TX-100soluble A-SYN in PFFs-treated wt/△MCN with evidence of some fractions turning
insoluble (blue arrowhead) and phosphorylated at Ser129 (red arrowheads). Insoluble
HMW species band (>250 kDa) appeared in all PFFs seeded wt/△ neurons (black
asterisks), (n=9). (C): Quantification of A-SYN TX-100 soluble and insoluble fractions
in PFFs-seeded wt/△MCN showing significant accumulation of soluble A-SYN fraction
observed in wt/ △ treated neurons (0.989±0.149) when compared to wt/wt group
(0.372±0.101) wt/△; **P=0.008), data represent the mean expression level of TX-100 ASYN normalized to β Actin (loading control) and derived from 6wt/wt and 8 wt/△
independent MCN ± SEM. (D): Quantification of insoluble A-SYN fractions showing
nonsignificant (P=0.386) increased monomeric A-SYN in wt/△ group against control
(SDS-Urea A-SYN: wt/wt=0.404±0.095, wt/△=0.736±0.130), data represent the mean
expression level of SDS-urea A-SYN fractions normalized to β Actin (loading control)
and derived from 7 independent MCN ± SEM, n=7).
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We also ran dot blot to measure fibrillar A-SYN releases in to culture media of wt/
△ MCN, both under basal condition (untreated control) and with PFFs treatment,
(Figure 0.22 D). Our result showed no signals in untreated MCN regardless of
the genotype (Figure 0.22, A). In addition, despite the induced A-SYN fibrillar
exocytosis into PFFs- seeded culture media of both wild type and wt/△ neurons,
there was no significant difference between experimental groups, (n=8wt/wt, 7wt/
△, (P=0.387), (Figure 0.22 B, C). The mean A-SYN fibril concentration in PFFstreated wt/wt MCN, after normalization to protein concentration in well, was
43.24±15.81 ng/ml while that of wt/△ group was 27.48 ±5.012ng/ml. This amount
was 181-fold lower than the PFFs concentration used to seed neurons with on
We next investigated the exosomal release to culture media of wt/△ MCN under
4DIV.
basal

condition

and

following

PFFs

treatment.

Our

result

showed

immunopositivity for Alix exosomal marker regardless of the presence and
absence of treatment (Figure 0.23 A). However, with the evidence of exosomes
released in to media derived from mutant neurons, the quantification showed no
significant difference between treated and untreated cultures; (Alix untreated
=6.51±3.92; PFFs treated= 5.95±0.690; P=0.841; n=2 untreated and 4 PFFstreated wt/△ MCN), (Figure 0.23 B).
.
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Figure 0.22 Dot blot approach with conditional media derived from MCN. (A): Dot blot
image of PFFs-treated MCN showing abolishment of A-SYN immunostaining in media
derived from untreated, both wildtype and L444P mutant MCN cultures, (n=3wt/wt, 1wt/
△). (B):Probing with anti-fibrillary A-SYN antibody showing induced A-SYN fibrillar
release into media of PFFs-seeded wild type and wt/ △ neurons. (C): Bar chart
quantification of A-SYN release in to CM of MCN seeded with PFFs; A-SYN fibril
concentration was expressed as ng/mg protein and normalized to protein
concentration in well. The analysis showed nonsignificant change in exocytosis
between the treated wt/wt MCN (43.24±15.81 ng/ml) and wt/ △

group (27.48

±5.012ng/ml), (p=0.3867). Data represent the average of 3 experimental repeats ± SEM
and derived from 8 wild type and 7 wt/△ independent MCN cultures.
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Figure 0.23 Investigating the exosomal release to culture media of wt/△ MCN, under
basal condition and following PFFs treatment. (A): 200 or 400 µL of culture media
collected from wt/△ cultures were spotted on dot blot and showed immunopositivity
for Alix exosomal marker, regardless of the presence and absence of treatment. (B):
Bar chart quantification showing no significant difference in exosomal release
between treated and untreated groups; (Alix untreated =6.51±3.92; PFFs treated=
5.95±0.690; P=0.841). Data represent the average of exosomal released in culture
media ± SEM and derived from 2 untreated and 4 treated independent wt/△MCN
cultures, (n=2 untreated, 4 PFFs-treated).
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4.5.9 Fluorometric Measurement of Cell Viability in Primary Neuronal
Culture Seeded with PFFs
The toxic effect of A-SYN accumulation and aggregation is not limited to the
donor cells, but also extend to the extracellular space and other recipient cells
leading consequently to cell death, (Ahn et al., 2006, Luk et al., 2009). It was
previously shown that A-SYN measuring 5-30µM and taken up by the neighboring
cells can induce cell death in primary cortical neurons in a dose dependent
manner (Sung et al., 2001, Danzer et al., 2012, Desplats et al., 2009). Therefore,
we analyzed the cell viability of the primary neuronal cultures seeded with PFFs
®
using CellTiter-Blue (CTB) viability assay. CTB is briefly a method for estimating
the number of viable cells present in a multi-well plate. These cells retain the
ability to reduce Resazurin (blue color) into Resorufin which is highly fluorescent.
Nonviable cells however, rapidly lose their metabolic capacity, do not reduce the
indicator dye, and thereby do not generate fluorescent signal.
The assay was performed as described in (section 2.8) and we found no
significant change in the number of viable cells between PFFs-treated and
untreated cells regardless of the genotype, (P=0.960), (n=5wt/wt, 10 wt/△). This
was suggestive that heterozygous L444P mutation did not affect cell viability.
More importantly, the extracellular released of A-SYN fibrils shown above was
due to exocytosis and not as a pathological consequence of PFFs-induced
cytotoxicity, (Figure 0.24).
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Figure 0.24 Influence of PFFs seeding for 10 days on cell viability of wt/L444P MCN.
As determined by the CTB assay, no significant change of viable cell number observed
between PFFs-treated and untreated cells regardless of genotype (P=0.960). Data was
expressed as the mean fluorescence measured from 3 wells  SEM, (n=5wt/wt, 10 wt/
△).
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4.5.10 Mitochondrial Function and Contents in wt/L444P MCN and Adult
Mice
We next assessed mitochondrial oxygen consumption rates (OCRs) in mouse
cortical neurons 10 DIV to investigate if L444P heterozygous mutation is linked
to mitochondrial dysfunction. We employed Agilent Seahorse XF technique as
described in (section 2.10.1). The basal, maximal, and spare respiratory capacities
were measured by additions of oligomycin (ATPase inhibitor), FCCP (uncoupler to
show maximal respiration), and antimycin A (to show non-mitochondrial oxygen
consumption), (n=4 wt/wt, 7 wt/△). Results showed that oligomycin inhibited
respiration coupled to oxidative phosphorylation and FCCP accelerated respiration
to maximum capacity in both wildtype and mutant neurons. However, although it did
not reach statistical significance, there was a trend of decrease in the basal, maximal
respiration and the spare respiratory capacity in wt/△ neurons as compared to wt/wt
group and shown in (Figure 0.25); The mean OCR under basal condition in
wt/wt=19.60±8.99; wt/△=12.26±3.24, P=0.374, whereas the maximal OCR in wt/wt
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=21.85±10.73; wt/△=12.36±3.379, P=0.3196 (

Figure 0.25 A, B). In addition, there was ~12% non-significant reduction in the
reserve respiratory capacity in wt/△ neurons as compared to wt/wt group. The spare
capacity which represent the difference between the basal and maximal OCRs
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was117.1±20.04 in wt/△ MCN and 132.9±28.81 in wt/wt control group, p=0.656, (

Figure 0.25 C). All data were expressed as the mean values± SEM, derived from
4 wt/wt and 7 wt/△ independent MCN cultures and taken from two separate
neuronal isolations.
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Figure 0.25 Investigating respiratory chain activity in wt/L444P MCN. (A): Oligomycin
inhibited respiration coupled to oxidative phosphorylation in control group
(19.60±8.995) and to lesser extent in wt/△ neurons (12.26±3.235), p=0.374. (B): A
statistically non-significant reduction in the maximal (uncoupled) rate observed in
mutant neurons as measured via the addition of FCCP (wt/ △ =12.36±3.379,
wt/wt=21.85±10.73, P=0.3196). (C): The same trend of reduction was reflected on the
spare respiratory capacity in the mutant neurons (117.1±20.04) when compared to
their wt/wt littermates (132.9±28.81), p=0.656. Data = mean ± SEM, n=4 wt/wt and 7 wt/
△ independent MCN cultures.
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In addition to bioenergetic function assessment, we investigated the expression
levels of two selected mitochondrial respiratory chain proteins, complexes II
(SDHA1) and complex IV (Cytochrome c oxidase) via immunoblotting (Figure
0.25 A). Following SDS-PAGE analysis, we found comparable steady-state levels
of complex II and IV proteins between wt/wt and wt/△MCN; (SDHA1: wt/△
=1.15±0.109, wt/wt =1.07±0.051, P=0.099; Complex IV: wt/△= 0.505±0.083,
wt/wt=0.545±0.074,
n=4), (Figure
0.26 B, C). assess the mitochondria
We further extendedP=0.735,
our investigation
to quantitatively
abundance in our sample lysates via spectrophotometric measurement of citrate
synthase (CS) activity (Figure 0.26 D). CS is an enzyme presents inside the
mitochondrial matrix and its activity, as expressed in mol/min/mg protein, was
non-significantly altered in wt/△ neurons (4173±312.2) when compared to wt/wt
control (4945±778.7), (n=6, P=0.380).
These findings suggest no significant defect in mitochondrial function and mass
observed in wt/△ mouse cortical neurons.
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Figure 0.26 Investigating mitochondrial contents in wt/L444P MCN model. (A):
Representative western blot image for the relative expression of complex IV and
complex II (SDHA1) mitochondrial proteins to β Actin (loading control). (B): Bar chart
quantification of complex II (SDHA1) protein showing no significant alteration in the
expression level between wt/wt group (0.892 ±0.017) and wt/△ group (1.166±0.0932),
(n=4, p=0.099). (C): Bar chart quantification of complex IV showing comparable
expression levels between wt/△and wt/wt cortical neurons (wt/wt =0.545±0.074, wt/△
= 0.505±0.083), (n=4, p=0.735). Data in B and C represent the average of SDHA1 and
complex IV expression levels relative to β actin ± SEM and derived from 4 independent
MCN cultures, (n=4). (D): Assessment of mitochondrial matrix enzyme citrate synthase
(CS) activity in mol/min/mg protein showing no significant alteration of enzyme
activity in wt/△ MCN (4173±312.2) as compared to that of wt/wt group (4945±778.7),
(n=6, P=0.380). Data represent the average of 2 experimental repeats ± SEM and
derived from 6 independent MCN cultures.
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We next analyzed if there is any reduction in mitochondrial number and
respiratory chain proteins in aged mice. Immunoblot analysis of complexes II and
IV in the cortex of 3month old mice showed no significant change in both proteins
between wt/△ mice and their wt/wt control littermates (Figure 0.27 A, B, C, n=4).
In addition, there was no significant alteration observed in citrate synthase activity
of cortical tissue derived from 3 months wt/△ adult mice when compared to
control
group (Figure
0.278-months
D, n=4). old mice to investigate any change in
Furthermore,
we used
mitochondrial complexes II and IV expression levels, or in CS activity, in aged
mice with time. (Figure 0.28, n=4/3mo and 3/8mo). Likewise, we found no
significant change in either of these parameters in 8months aged mice against
3month group.
Because dopaminergic neurons in substantia nigra pars compacta (SNpc) of
midbrain are the most vulnerable neurons affected in PD (Surmeier et al., 2017),
we applied the same paradigm on midbrain tissue derived from 3 months old
wt/L444P adult mice. The same trend was observed in the midbrain of 3months
old wt/△ mice, with no significant change detected in complex II, IV and CS
activity against wt/wt control littermates, (Figure 0.29).
Taken together, these results collectively suggested non-significant change in
mitochondrial function and mass detected in wt/L444P MCN or adult mice.

187

Figure 0.27 Investigating mitochondrial contents and citrate synthase activity in the
cortical tissue of 3-month old wt/L444P transgenic mice. (A): Immunoblot image of
both complex II (SDHA1) and IV showing comparable levels of markers between wt/△
mice and their wt/wt control littermates, β Actin was used as loading control. (B,C):
Bar charts quantifying SDHA1 and complex IV proteins showing no significant
alteration between wt/wt and wt/△ mice groups; (SDHA1: wt/△ mice=1.154±0.109 and
wt/wt=1.068±0.051, P=0.557), (complex IV: wt/wt control= 0.977±0.036 whereas wt/△
mice=1.174±0.076, P=0.094). Data in B and C represent the average level of SDHA1 and
complex IV relative to housekeeping protein (β Actin) ± SEM and derived from 3wt/wt
and 4wt/△ mice, (n=3wt/wt and 4wt/△). (D): Bar chart quantification of citrate synthase
activity (measured as mol/minute/mg protein) in cortical tissue homogenate of
wt/L444P adult transgenic mice. There was a slight but not significant reduction in CS
activity in wt/ △ mice (4826±850) with respect to their wt/wt control littermates
(3638±877), (P=0.369). Data represent the average of 2 experimental repeats ± SEM,
(n= 4).
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Figure 0.28 Investigating mitochondrial contents and citrate synthase activity in the
cortical tissue of 3-month vs 8-month old wt/L444P adult transgenic mice. (A):
immunoblot image for both complex II (SDHA1) and complex IV showing no apparent
change in both markers between the two experimental groups, β Actin was used as
loading control. (B,C): Bar chart quantifications showing no significant change in both
markers expression levels between 3 and 8months wt/△ mice groups; (SDHA1:3month =1.84±0.128, 8-month old =1.51±0.192, P=0.201), (complex IV; 3month
=1.46±0.135, 8-month=1.34±0.111, P=0.579). Data in B and C represent the mean of
SDHA1 and complex IV expression levels relative to β Actin± SEM derived from 4 of
3months and 3 of 8months wt/△ mice. (D) Bar chart quantification of citrate synthase
activity (measured as mol/minute/mg protein) in cortex of 3-month vs 8-month old
wt/L444P transgenic mice. There is no significant alteration of activity in the cortex of
8month mice (3429±421.8) against that of 3month wt/△

group (3937±1070), data

represent the average of 2 experimental repeats± SEM derived from 4 of 3-month and
3 of 8-month old mice), (P=0.710).
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Figure 0.29 Investigating mitochondrial contents and citrate synthase activity in the
midbrain tissue of 3-month old wt/L444P transgenic mice. (A): Immunoblot image of
both complex II (SDHA1) and complex IV showing no apparent change in both markers
between wt/△ mice and their wt/wt control littermates, β Actin was used as loading
control. (B, C): Bar charts summarizing the mean expression levels of SDHA1 and
complex II in the midbrain of 3-months mice; no significant change in either SDHA1 or
complex IV proteins between experimental groups; (SDHA1: wt/△ =1.47±0.090 while
that of wt/wt=1.51±0.183, P=0.850), (complex IV level in wt/△ mice=0.817±0.664 and in
wt/wt control group=1.045±0, P=0.197). Data in B and C represent the mean expression
levels of both SDHA1 and complex IV proteins relative to β Actin± SEM, n=4. (D) Bar
chart quantification of citrate synthase activity (measured as mol/minute/mg protein)
in midbrain homogenate of wt/L444P 3 months old mice showing a slight but not
significant trend of increase in CS activity in midbrain tissue of wt/△ mice (5531±808.6)
with respect to their wt/wt control littermates (4365±881.1), data represent the average
of 2 experimental repeats ± SEM, (P=0.367, n=4)
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4.6

Discussion

In this chapter, we used mouse cortical neurons as a platform to test the
biochemical alterations associated with wt/L444P mutation. Summary of the main
disease phenotypes associated with L444P mutations in MCN are listed in (Table
0.2).
Table 0.2 Summary of main results obtained using MCN model of L444P heterozygous
mutation.

Disease phenotype

Methods

MCN

Adult mice Cortex
(3months/8 months)

Adult mice Midbrain
(3months)

GCase Activity

Enzymatic assay

37.6 % Significant
reduction

not investigated

not investigated

GCase Protein Expression

Immunocytochemistry

no detection of endogenous GBA
protein in MCN

not investigated

not investigated

β-hexosaminidase and βgalactosidase activities
Lysosomal Contents
(LIMP2, LAMP1 Cathepsin
D)
Autophagy Flux

Enzymatic assay

CMA
UPS
BiP level
Phosphorylation of elf2a
Endogenous A-SYN Level

not changed
no statistically significant changes
in lysosomal proteins

not investigated

not investigated

Western blotting

No impairment

not investigated

not investigated

Western blotting
Chemicon’s assay of 20S
subunit activity
Western blotting

No impairment

not investigated

not investigated

No impairment

not investigated

not investigated

Not significantly changed

not significantly
changed

not significantly changed

Not significantly changed

not investigated

not investigated

not significantly changed

not significantly
changed

not significantly changed

not investigated

not investigated

Western blotting
Western blotting

ELISA

not significantly altered under
basal condition or with
2.5µMGW4869

Release of Exosomes

Dot blot

not significantly inhibited with
2.5µMGW4869

Western blotting

TX-100 vs SDS-urea A-SYN
intracellular levels
Release of free fibrillar
A-SYN and exosome
fractions
Effect on cell viability

Mitochondrial Assessment

-significantly accumulated TX-100
soluble A-SYN
-more A-SYN become SDS-Urea
soluble and Ser129
hyperphosphorylated
-Evidence of HMW A-SYN species

not investigated

not investigated

not investigated

not investigated

Dot blot

not significantly induced A-SYN
fibrils (free or exosomesassociated fractions)

CellTiter-Blue® Cell Viability
(CTB) Assay

No effect on cell viability

Agilent Seahorse XF
technique

No significant slight reduction in
basal and maximum OCRs/ 12%
non significant reduction in spare
respiratory capacity

not investigated

not investigated

Western blotting analysis of
complex II and IV

not significantly changed

not significantly
changed

not significantly changed

CS activity assay

not significantly changed

not significantly
changed

not significantly changed

(Bioenergetic/complex II
and IV levels)
(mitochondrial number
/CS activity )

not investigated

Western blotting

Extracellular Release of
Monomeric A-SYN

Pathological Phenotype
with PFFs Seeding

not investigated
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4.6.1 GCase Activity and Integrity of Protein Quality Control are Linked to
Defective A-SYN Metabolism
The measured GCase enzyme activity in our wt/L444P primary cortical neurons
showed 37.6% significant reduction when compared to wt/wt group. This
anticipated finding was previously produced by work on wt/L444P GBA knock in
aged mice and in the hippocampal and primary cortical neurons derived from
mice carrying the same mutation (Fishbein et al., 2014, Migdalska-Richards et
al., 2017, Li et al., 2019, Migdalska-Richards et al., 2016).
The significant reduction in GCase activity was even observed in different brain
regions of PD patients with and without GBA mutations indicating the crucial role
of GCase enzyme in the development of iPD (Gegg et al., 2012, Murphy et al.,
2014). In contrast to reduced GCase activity, we could not detect any altered
activities of lysosomal hydrolases, β-hexosaminidase and β-galactosidase
enzymes. Furthermore, no change in lysosomal associated protein level was
detected in our wt/ △ model. These observations were suggestive that the
deficient enzymatic activity was due to GBA mutation and not reflected on
lysosomal mass. Consistent with our results is the previous finding of normal
lysosomal protein markers levels and hydrolases activities in GBA K/O and
wt/L444P transgenic mice and primary neuronal cultures (Magalhaes et al., 2018,
Osellame et al., 2013, Migdalska-Richards et al., 2017).
However, how GCase enzyme when mutated predispose to A-SYN
dysmetabolism and PD pathogenesis is still to be fully elucidated. A bidirectional
loop between GCase and A-SYN has been previously suggested, when reduced
enzymatic activity results in substrate accumulation which intern stabilized the
oligomeric species of A-SYN allowing greater GCase dysfunction due to direct
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interaction between the two proteins (Mazzulli et al., 2011, Yap et al., 2013).
Therefore, it would not surprising to see that in both cellular and animal models
whenever there is a reduction in GCase activity, it perturbs lysosomal function
and subsequently A-SYN turnover, which predispose to its accumulation and
aggregation. Conversely, both in vivo and invitro overexpression of A-SYN are to
be associated with reduces GCase activity. With the previous presence of
defective proteostasis associated with PD (Dehay et al., 2013) and impediment
of A-SYN turnover, the attention was driven to the role of lysosomal dysfunction
and altered A-SYN metabolism as a central component of PD pathogenesis,
(Cuervo et al., 2004, Mazzulli et al., 2011).
We therefore started to characterize MA flux in wt/L444P neurons to find any
concomitant defect in autophagic machinery. Our results showed no evidence of
impaired flux in wt/△MCN in comparison to wt/wt control. We also did not detect
any increased A-SYN levels in these neurons as compared to wt/wt group
(n=5wt/wt, 9wt/Δ), P>0.05.
In contrast to our finding, A-SYN accumulated in severe GD phenotypes such as
GCase pharmacological inhibition by CBE (95% loss of activity) in mouse cortical
neurons (Magalhaes et al., 2016), and in a GBA K/O mouse mixed cortical tissue
(Osellame et al., 2013). However, heterozygous L444P GBA mutation has been
less thoroughly investigated and to our knowledge, only recent work by Li et al.
group investigated the effect of wt/L444P mutation in vitro. They confirmed
defective induction of autophagy and flux with an increase in the overall steady
state level of A-SYN. However, Li et al group used mouse hippocampal neurons
to model wt/L444P PD. The established impaired integrity of MA in this work was
thought to be through a dual mechanism of loss of GCase activity that impaired
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autophagosomes clearance with the mutant enzyme per se impeding autophagic
induction (Li et al., 2019). Perhaps the hippocampus is more susceptible to ASYN accumulation than cortical regions in GBA mouse models. Other GD model
showing notable A-SYN accumulation and cognitive deficits was reported in a
study by Sardi et al. group (Sardi et al., 2011).
In addition to MA flux, we analyzed CMA function in mutant neurons as one of its
major roles is to dispose damaged and aggregation prone proteins such as ASYN (Cuervo et al., 2004, Sala et al., 2016). We therefore hypothesized defective
CMA in our model but failed to detect impairment of this pathway as evidenced
by comparable protein levels of both HSC70 and LAMP2a between experimental
groups. Evidence of reduced levels of CMA markers concomitantly with A-SYN
aggregation and LBs formation was reported in SNpc and amygdala of post
mortem PD brains, (Alvarez-Erviti et al., 2010).
The absence of defective ALP in our MCN model might imply that longer time
point than 10 DIV is needed to induce impairment in either of the above protein
clearance pathways. Other possibility is that GBA mutations affect MA flux in
dopaminergic neurons more than cortical neurons and could explain why
particular neuronal populations in PD are more susceptible to neurodegeneration.
Impaired autophagy was a major pathological feature in both N370S and L444P
iPSc derived dopaminergic neurons (Schondorf et al., 2014, Fernandes et al.,
2016) respectively. Furthermore, it is possible that the ~40% reduction in GCase
activity associated with heterozygosity for L444P mutation was not sufficient to
have any influence on ALP. Aging of wt/L444P mice for 24 months (MigdalskaRichards et al., 2017) resulted in small A-SYN accumulation which suggests that
aging was a risk factor for the disease phenotype in this work. Alternatively, the
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impaired MA reported specifically in hippocampal neurons in Li et al. study might
indicate that the defective MA secondary to heterozygous L444P mutation is
possibly tissue specific.
Although MA is particularly omnivorous pathway, it is not the only pathway
through which cellular material is degraded; UPS contributes to cellular quality
control by degrading soluble and misfolded proteins during the process of ERAD.
Most previous studies had focused on the alteration of UPS in iPD and its link to
A-SYN pathology (McNaught et al., 2002, McNaught et al., 2003). Furthermore,
many but not all studies, that came after McNaught et al. showed how
proteasomal inhibition can lead to defective clearance and increased level of ASYN emphasizing the link between UPS deficit and PD (Bedford et al., 2008, Beal
and Lang, 2006). However, there was paucity of published research about the
effect of GBA mutations on UPS with only one study of impaired UPS in GBA KO
was performed, however, on a mouse mixed cortical neuronal culture (Osellame
et al., 2013). The accumulated A-SYN oligomeric species in this work was
observed as a pathological consequence of impaired MA and UPS pathways in
GBA K/O model. Also, Epoxomicin inducing proteasomal inhibition in SH-SY5Y
cell lines was previously detected as a cause of decrease turnover and
accumulation of Ser129 phosphorylated A-SYN and thus predisposing to cellular
death, (Chau et al., 2009). These findings indicate the inability of neurons to turn
over the aggregated A-SYN as a result of complete loss of enzymatic activity and
impaired protein quality control. Nevertheless, we were unable to detect any
defective UPS associated with L444P mutation in our MCN model. This
observation when coupled with the lack of ALP impairment, could be related to
the brain region characterized. There are, however, other possible explanations
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related to the difference between almost total loss of GCase activity and only one
mutant allele as evidence in Osellame et al. work. They reported normal MA flux
and UPS pathways under GBA heterozygous state of the same neuronal model
employed, (Osellame et al., 2013).
A summary of previous studies reporting increased A-SYN in various disease
models of GBA-linked PD are listed in (Table 0.3).

Table 0.3 Summary of published studies investigating A-SYN metabolism in relation
to GBA-PD
Study
Li et al., 2019

Mutation
Heterozygous L444P

Disease model

A-SYN level

Hippocampal neurons

↑ A-SYN

Fishbein et al., 2014

Heterozygous L444P+
Overexpression wt and A53T
SNCA

Primary cortical neurons

↑ A-SYN

Migdalska-Richards A et al.,
2017

Heterozygous L444P aged
mice >18mo

cortex

↑ A-SYN

Magalhaes J et al., 2016

+CBE (95% loss of GCase
activity)

Primary cortical neurons

↑ A-SYN

Primary cortical neurons

↑ A-SYN

Mixed culture of cortical
neurons & Astrocytes

↑ A-SYN

Gegg et al., 2020

+CBE (95% loss of GCase
activity)+PFFs treatment

Osellame LD et al., 2013

GBA KO

On top of increased A-SYN steady state level due to defective clearance in
wt/L444P cultures, it was documented that overexpression of either wt/wt or A53T
mutant A-SYN with a background of wt/L444P increasing A-SYN half-life and thus
predisposed to its phosphorylation and accumulation in A53T SNCA and
wt/L444P brain culture of double-transgenic mice (Fishbein et al., 2014).
Although previous immunocytochemical analysis of GBA K/O and wt/L444P
transgenic aged mice showed similar distribution of accumulated A-SYN in
different brain regions with more involvement of hippocampi of GBA K/O, these
findings were not replicated in the same mice using WB analysis (Migdalska196

Richards et al., 2017). However, A-SYN was found increased by 147% in mouse
primary neuronal cultures treated with CBE (Magalhaes et al., 2016). These
cultures

also

exhibited

HMW

species

and

165%

increased

Ser129

phosphorylated A-SYN as detected by WB. This might indicate that A-SYN
accumulation needs total loss of GCase activity in a time and dose dependent
manner and the difference in the sensitivity of the two techniques in detecting ASYN accumulation (Migdalska-Richards et al., 2017). In addition, despite the
accumulated A-SYN found in multiple brain regions of wt/L444P aged mice
including the cortex and CA3 layer of the hippocampus, there was no aggregated
proteinase K resistant A-SYN in the same regions analyzed, (Migdalska-Richards
et al., 2017). On the contrary, Sardi et al. experimental approach on mouse model
showed progressive accumulation of A-SYN aggregates in the hippocampus
coincident with memory deficit in D409V knock-in mice (Sardi et al., 2011).
Therefore, it is possible that L444P mutation in mice neurons does not reach the
threshold of LBs formation hence it needs further exacerbation of disease
phenotype as with overexpression of mutant A53T SNCA, (Fishbein et al., 2014).
The homozygosity of D409V GBA mutation used in Sardi et al., work reduced
GCase activity to ~15% and resulted in more pronounced accumulation of
ubiquitinated aggregates containing proteinase K-resistant A-SYN in mouse
hippocampal neurons. Incorporated in to this is the finding that only heterozygous
D409V/+ mutation but not GBA-/+ exhibited hippocampal accumulation of A- SYN
aggregates despite that both mutations retained similar activity of GCase
enzyme, (Sardi et al., 2011). The discrepancy here is related to the mutation type
and dosage which are needed to induce misprocessing of A-SYN. Considering
the above observations and the given fact that heterozygosity for GBA mutation
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does not always result in PD but rather increases the relative risk 4-fold, it could
be difficult to reproduce PD-related phenotype in a heterozygous state of primary
cortical neurons especially in shorter lifespan of mice. Therefore, with time
constraints of primary cultures compared even to aged animals, (MigdalskaRichards et al., 2016) or the prolonged culture of iPCs derived neurons
(Schondorf et al., 2014), it might prove challenging to detect significant changes
in A-SYN metabolism. We therefore chose to first seed wt/wt primary cortical
neurons with monomeric A-SYN and PFFs to enhance the phenotypic
abnormalities and emulate the pathological scenario occurring in PD brain and
start triggering Ser129 phosphorylation of A-SYN. Our result has expectedly
showed that treating wt/wt MCN with PFFs but not monomeric A-SYN
accumulated A-SYN and enhanced it to become detergent insoluble (SDS-urea
soluble). Based on these results, we next analyzed the effect of PFFs seeding in
wt/L444P MCN and found that it significantly led to accumulation of TX-100 ASYN

and

enhanced

more

A-SYN

to

become

insoluble

and

even

hyperphosphorylated at Ser129. This was also associated with evidence of
>20kDa HMW spices present mostly in all treated mutant neurons, (n=9). These
findings strongly indicated that heterozygous L444P mutation was not merely
sufficient to induce pathological inclusion similar to LBs and LNs found in PD.
Also, on the background of L444P mutation, a PFFs-treated model is needed to
enable reproducibility of such pathology.
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4.6.2 PFFs Seeding of Primary Cortical Neurons Supports “Trojan Horses"
Hypothesis of Neurodegeneration
Given the short time period of MCN experiments and the growing evidence of ASYN fibrils acting in a prion-like fashion, we utilized PFFs on our wt/L444P model
to see if this has an effect on A-SYN metabolism. Overall, wt/L444P MCN tended
to show an increased amount of phosphorylated insoluble A-SYN and evidence
of more HMW insoluble species, compared to control. These data suggest that
GBA mutations can affect metabolism of pathogenic A-SYN species. An
important aspect of pathogenic A-SYN is the ability to pass from one neuron to
another, inducing hfunctional A-SYN in recipient cells to become misfolded and
insoluble. The release of monomeric synuclein in CBE treated primary neuronal
cultures was significantly increased by 159% when compared to untreated
neurons (Magalhaes et al., 2016). We measured monomeric and exosomeassociated A-SYN release into culture media by ELISA and dot blotting
respectively. However, no significant difference in the release of monomeric or
exosomal A-SYN could be detected between wild type and GCase-deficient
neurons under basal condition. Furthermore, GW4689 treatment did not inhibit
the secretion of either monomeric or exosome-associated A-SYN into wt/L444P
condition media. Perhaps a future higher non-cytotoxic inhibitory concentration
of GW4689 is needed to detect significant difference in exosomal A-SYN release
as SMase was not inhibited with the use of 2.5 µM dose. In addition, investigating
Rab11 as another marker of exocytic pathway is a possibly an alternative future
plan.
With the evidence that free but not exosome-concealed A-SYN was recovered
from the supernatant fractions of A53T SNCA overexpressing SH-SY5Y cell,
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(Hasegawa et al., 2011), we extended our analysis to investigate the possibility
of A-SYN fibrils exocytosis into media of wt/L444P neurons following PFFs
treatment. We found that PFFs have equally induced the release of A-SYN fibrils
with no significant difference from treated wt/wt control. No change in the release,
of otherwise increased, exosome-associated fractions was observed following
PFFs treatment regardless of the genotype. The previous observation by (Danzer
et al., 2012) showed that inhibiting MA flux in primary neuronal culture, although
was accompanied by induced release of free and exosome-associated synuclein,
but failed to reach statistical significance which supports of our observation.
Alternatively, we could consider future experiment such as exosomes isolation to
assess if A-SYN fibrils are free or exosomes associated.
Our study also shed light on the PFFs pathogenicity in the premise of L444P
mutation leading cell death and excessive degeneration. The assessment of
viability in different cellular models exposed to either synthetic recombinant fibrils
or neurons derived synuclein showed signs of cell death. This included nuclear
fragmentation, decreased number of proliferating cells and activation of caspases
(Desplats et al., 2009, Danzer et al., 2012, Emmanouilidou et al., 2010, Sung et
al., 2001, Alvarez-Erviti et al., 2011). Using CTB assay, we found no difference
in viable cells count between wild type and mutant MCN cultures seeded with
PFFs. This observation indicated that neither L444P mutation nor fibrils seeding
is neurotoxic, and A-SYN exocytosis occurred without cell death. Similar
observation obtained by (Cleeter et al., 2013) in which even 30 days CBE
treatment had no negative impact on cell viability as judged by LDH release.
Nevertheless, it was interesting to find that TH+ve dopaminergic neuronal loss is
evidently enhanced in the SNpc of wt/L444P aged mice secondary to viral
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transduction-induced accumulation of A-SYN, (Migdalska-Richards et al., 2017).
The reasons of variability in cell viability among different studies could be related
to disease models as cell death was greatly amplified in differentiated SH-SY5Y
cells or primary cortical neuron model which has neuronal phenotype (Desplats
et al., 2009). Furthermore, it should be taken to consideration that most of these
studies were based on over-expression systems which augment the associated
pathology especially if they are concomitant with pharmacologically-induced
inhibition of protein quality control.

4.6.3 ER stress and UPR in heterozygous L444P cellular and animal
models
Assessment of ER stress in the primary cortical neurons did not detect any
change in Bip level or phosphorylation of elf2α in the affected cells. These
findings were paralleled with normal lysosomal function and normal steady state
level of A-SYN. While in contrary to our observation, enhanced expression of ER
chaperone was found associated with iPSc-derived dopaminergic neurons
carrying either L444P (Schondorf et al., 2014) or N370S (Fernandes et al., 2016)
heterozygous GBA mutations, and in fibroblast (Bendikov-Bar et al., 2011,
McNeill et al., 2014). On the other hand, Kurzawa-Akanbi et al. demonstrated that
CBE induced loss of GCase activity results in acute reduction of BiP level in
human neural stem cells (Kurzawa-Akanbi et al., 2012), indicating that complete
loss of function was affecting UPR. Interestingly, GBA heterozygous but not GBA
KO iPCs-derived dopaminergic neurons showed evidence of triggered ER stress
(Schondorf et al., 2018). This discrepancy might be suggesting that BiP is not
pivotal to switch UPR in cortical neurons or that the gain of toxic function effect
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of heterozygous GBA mutation is activated differently in various cell types. In
order to further assess if the apparent lack of UPR response was a feature of
cortical neurons as a whole, or MCN only, we used the same experimental
approach on adult mouse brain tissue homogenates. We found that the lack of
ER stress or UPR, associated with no increase in intracellular A-SYN level, was
also reflected on midbrain and cortex of aged mice which was in line with
Migdalska-Richards et al study (Migdalska-Richards et al., 2017). They did not
observe ER stress as normal BiP level was found in the striatum, midbrain and
brainstem of aged wt/L444P transgenic mice with evidence of accumulated ASYN protein in either of these regions. However, decreased Bip chaperon level
was found in post-mortem frontal cortex with GBA mutation as well as neural
crest cell culture pharmacologically exposed to CBE suggesting that the UPR is
affected by the reduced enzymatic activity, (Kurzawa-Akanbi et al., 2012).
Accordingly, we speculated that in order to detect the effect of loss or gain of
function or even both, we might need to completely inhibit GCase activity by CBE
like (Kurzawa-Akanbi et al., 2012) work. Alternatively, we could age mice like
Migdalska-Richards et al. study in the presence of other aggravating factor like
more pronounced A-SYN accumulation that acts in the concert of deficient
GCase to show impairment.
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4.6.4 Investigating mitochondrial function and mass in wt/L444P in
primary cortical neurons and transgenic mice.
The presence of mitochondrial dysfunction characterized by various phenotypic
abnormalities such morphological changes, significant reduction in respiratory
function and ATP production, oxidative stress and reduced mitochondrial
membrane potential (ΔΨm) have been reported in GD fibroblasts harboring
L444P mutation (de la Mata et al., 2015). Mitochondrial impairment was also
reported with pharmacologically induced inhibition of GCase activity in SH-SY5Y
cell lines (Cleeter et al., 2013), in wt/L444P hippocampal neurons (Li et al., 2019)
and in iPSc neurons from GBA-PD patients and GBA KO mouse neurons
(Schondorf et al., 2018, Osellame et al., 2013).
In our wt/L444P primary neurons culture, mitochondrial function was assessed
by measuring mitochondrial respiration using Seahorse technology (Agilent). We
observed a subtle decline in the basal and maximal respirations with only ~12%
non-significant reduction in the reserve respiratory capacity in mutant neurons.
On the contrary, defective mitochondrial function with 32.2% and 26.9% reduction
in basal and maximal respirations respectively, along with accumulated A-SYN
protein were all reported in wt/L444P primary cortical cultures (Yun et al., 2018).
The lack of significant bioenergetic deficit detected here in our MCN model was
also incorporated with normal complex II and IV protein levels and unaltered CS
activity. These findings collectively indicated that it is very unlikely that the
mitochondria are not functioning in our model. This could be related to the fact
that cortical neurons are possibly operating at higher basal level than other cells
to maintain high bioenergetic requirements and only under severe cellular stress
such as oxidative stress and deteriorated quality control, significant bioenergetic
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deficit could be detected in these cells. Additionally, as mitochondrial quality is
under surveillance by autophagy MA which degrades damaged mitochondria
during the process of cell recycling, we assessed MA in our wt/L444P neurons
but found, however, neither inhibition of such pathway nor accumulated
endogenous A-SYN. Our results here suggest that heterozygous L444P mutation
alone is not sufficient to derive mitochondrial dysfunction in cortical neurons. The
accumulated ASYN levels and impaired protein quality control in CBE treated
SH-SY5Y cell lines, GBA K/O mixed cortical cultures and in GBA K/O iPScderived dopaminergic neurons have demonstrated that how the loss of function
can cause oxidative stress and accumulation of dysfunctional mitochondrial in
these models, (Schondorf et al., 2018, Cleeter et al., 2013, Osellame et al., 2013).
In addition to MCN, we also conducted similar analysis of complex II and IV
protein levels and CS activity in the cortex and midbrain tissues derived from
wt/L444P adult transgenic mice. We found comparable levels of both proteins
and unchanged CS activity between wt/L444P and wt/wt control group which
indicate an intact mitochondrial mass in all issue homogenates assessed. These
findings might be pointing out to further sever associating factors such as
complete loss of activity or accumulated A-SYN that are needed until a
pathogenic threshold is reached to recapitulate GBA-PD phenotype.

204

4.7

Conclusion

In this chapter, we showed that heterozygous L444P mutant GCase has 37.6 %
lower enzymatic activity with respect to control. There was no associated
impairment of quality control pathways, mitochondrial dysfunction or ER stress
observed in wt/△ neurons. No differences in the basal intracellular level or
extracellular release of A-SYN were observed with wt/△ mutation. However,
L444P mutant primary cortical neuronsl challenged with exogenous PFFs
seeding suggested an increased production of pathogenic A-SYN species. The
PFFs model is a useful approach to test the accumulation, release and
propagation of neurotoxic inclusions, and how this affects mitochondrial function
and ER stress in GBA-cell models would be an interesting future direction.
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5.Differentiated SH-SY5Y Cells as a Model of PD
5.1. Introduction
As the major pathological events in PD include selective degeneration of SNpc
dopaminergic neurons, impaired A-SYN metabolism and formation of
intracytoplasmic inclusions (Korecka et al., 2013), it was crucial to employ a
permanently established neuronal cell model that is able to recapitulate PD
pathology and uncover its underlying mechanisms (Xicoy et al., 2017). Although
dermal fibroblast cultures established from GD patients possess human cell
origin and amenable for genetic manipulation than other models, these cells do
not store lysosomal substrate and the PD-associated SNCA gene is barely
expressed in them (Auburger et al., 2012). Furthermore, the extensive research
conducted on neuronal cell models, such as rodent primary neuronal cultures,
wild type neuroblastoma SH-SY5Y cell lines and iPCs derived neurons, was
tremendously beneficial in the field of neuroscience research. Therefore, we
aimed in this chapter, to provide a preliminary work that could later be transferred
to iPCs model use. Using this approach, we sought to manipulate the phenotype
of SH-SY5Y neuroblastoma cell line by inducing a program to terminally
differentiate these cells toward morphologically and biochemically mature
neurons. SH-SY5Y represents the third subclone of SK-N-SH neuroblastoma
cells that was first isolated from the bone marrow of 4 years old female patients
(Biedler et al., 1973). Continuous proliferation of immortalized cells made SHSY5Y lineages a great platform for conducting large scale of experiments. In
addition, most of PD associated genes remain intact despite the oncogenic
nature of SH-SY5Y and the genetic materials could be effectively delivered to
these cells via biochemical and physical ways (Falkenburger and Schulz, 2006,
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Xicoy et al., 2017). Previous research with a useful outcome on the link between
GBA mutations and A-SYN metabolism has been carried out on undifferentiated
SH-SY5Y cells where GCase enzyme activity was pharmacologically inhibited by
CBE treatment (Cleeter et al., 2013, Chu et al., 2009), or via genetic modification
of GBA gene (Li et al., 2019). However, one of the drawbacks of using
immortalized cells is the difficulty to re-produce the same morphology and
physiology of a neuronal cell phenotype in continuously dividing cells especially
when epigenetic effect ensues. The inability to express synaptic proteins or to
differentiate between growth arrest and actual cell death in proliferating cells can
also represent an inevitable obstacle when using the undifferentiated cells,
(Falkenburger and Schulz, 2006, Lopes et al., 2017a). Another key aspect was
the post mitotic feature of neurons and their arrest in cell cycle perhaps render
them more sensitive to aggregation-prone proteins such as A-SYN when
compared to immortalized cells. This feature became a major contributor to the
use of differentiated neuronal model (Hasegawa et al., 2004). Both primary
neuronal cultures from mouse and iPCs-derived neurons have been used
previously to investigate the effect of GBA mutation on mitochondrial function and
A-SYN metabolism (Li et al., 2019, Osellame et al., 2013, Magalhaes et al., 2018,
Fernandes et al., 2016, Schondorf et al., 2014, Schondorf et al., 2018). However,
the main disadvantage of these neuronal cultures is the low cell yield as DAergic
neurons make only 20 to 30% of the total cell number in culture which makes it
difficult to establish and maintain cultures. We therefore hypothesized that
generating a fully differentiated dopaminergic SH-SY5Y cell model, for at least
10 days can provide a 100% homogenous and Tyrosine hydroxylase-positive
(TH+) neurons (both mRNA and protein) with neuron–like morphology and of G0
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stage of cell cycle. TH has been found in brain and adrenal medulla and is
considered as the rate-limiting enzyme of the catecholamine synthesis catalyzing
the conversion of L-tyrosine in to L-dopa, the precursor of dopamine (DA)
(Nagatsu et al., 1964).
Given that Biedler and his co-workers have identified SH-SY5Y neuroblastoma
subclone as a multipotent cells based on their ability to switch between neuronal
(N) and epithelioid (S) cell type, deriving dopaminergic neuronal phenotype from
these cells depends upon manipulating culture media contents and inducing
agents (Biedler et al., 1973, Påhlman et al., 1995). However, the previous studies
on the exact SH-SY5Y differentiation methods were contradictory as many
previous outcomes have been reported such as dopaminergic, cholinergic, and
adrenergic phenotypes. We therefore did systemic review of the available
literature to investigate neuroblastoma (NB) cells differentiation and details of
both old and recent culture conditions that lead to optimal outcome with minimal
limitations. We found that until recently, multiple in vitro differentiation systems
have been introduced to obtain the desired DAergic-like neuronal phenotype.
Despite that, protocol employed herein was an integration of previous reported
modalities of using typically retinoic acid (RA), phorbolester, alone or in
combination with neurotrophic growth factors. Furthermore, in the majority of
these studies, the differentiated cells were cultured in growth media
supplemented with serum and growth factors without the presence of favorable
precoating of culture surfaces. Retinoic acid (RA) is a potent agent and is the
most commonly used differentiation inducing substance (Kovalevich and
Langford, 2013). Many of previous differentiation regimes involved the use of RA
in concentrations ranging from 5 to 100μM, for a period of time up to 3 weeks,
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with occasional reduction of serum concentration in the media (Xicoy et al., 2017).
The first of these studies was reported by (Sidell, 1982) and showed that RA
treatment promoted a time and dose dependent-growth inhibition. This was
associated with the development of cell processes of LAN-1 neuroblastoma cells
reaching the maximum after 4 days of treatment with 1µM RA. These two criteria,
despite the fact that they confirmed the morphological differentiation of treated
cells, they were not unique to biochemically determine the resulting differentiated
phenotype. Additionally, although RA induced increased neuron specific enolase
(NSE) relative activity in SH-SY5Y culture, reversibility of the induced growth
inhibition was observed 5 days after its removal from the media, (Pahlman et al.,
1984). In agreement of this study, culturing SH-SY5Y cells in complete media
with RA induced morphological differentiation and growth inhibition of only
neuroblast-like (N) cell in 10 days (Encinas et al., 2000, Teppola et al., 2016,
Cheung et al., 2009, Presgraves et al., 2004). However, longer period of RA
incubation showed increased total number of cells due to the accumulation of Stype cells in culture. It is recommended therefore to differentiate cells with RA for
10 days to avoid the unsuitable side effect of acquiring less homogeneous
population of differentiated cells. Furthermore, RA-induced differentiation was
shown to increase the expression of TH, dopamine transporter (DAT), and
dopamine receptor subtypes 2 and 3 (D2R and D3R), (Farooqui, 1994,
Presgraves et al., 2004, Constantinescu et al., 2007, Korecka et al., 2013). With
the given evidence that oxidative stress and subsequent cell death due to
internalization of 6-hydroxidopamine (6-OHDA) into dopaminergic neurons is a
DAT dependent process, differentiated SH-SY5Y cells expressing transporter
proteins are sensitive to such parkinsonian neurotoxin-induced insult. On the
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contrary, undifferentiated cells expressing only low levels of DAT presented high
resistance to this compound (Lopes et al., 2017b). Despite that, incubating
cultures with RA, in some case, caused SH-SY5Y cells to differentiate more likely
toward cholinergic phenotype when compared to untreated or TPA treated cells,
(Adem et al., 1987). It should be considered, however, that RA was typically
utilized alone to promote the non-dopaminergic differentiation. Also, only
cholinergic or mixed (adrenergic/cholinergic) clones displayed detectable
acetylcholine transferase (CAT) enzyme activity (Ross et al., 1981) whereas
adrenergic NB subclone such as SH-SY5Y exhibited the highest TH enzymatic
activity (Ross and Biedler, 1985). Interestingly, RA induced the expression of full
length TrkB receptors that is normally lacked in naïve SH-SY5Y cells, making
them responsive to brain derived neurotrophic factor (BDNF) through modulating
the expression of neurotrophin receptors (Kaplan et al., 1993). BDNF is an
important neurotrohphin factor represents the second member of neurotrophins
family and was first purified from pig brain in 1982, (Barde et al., 1982). BDNF
gene is expressed in many regions of adult nervous system especially the
striatum. It was reported that BDNF acts as a trophic factor for DAergic neurons
in the substantia nigra of midbrain, the target cells that degenerate in PD (Hyman
et al., 1991). Mesencephalic cultures treated with BDNF showed rescued TH+
DAergic neurons and almost three folds increase in their number which
represents only 0.1 to 0.5% of control culture. Interestingly, the more pronounced
effect of BDNF was observed when added after 1DIV and replaced every other
day to enhance the survival of cells that would have been otherwise lost in the
absence of BDNF (Hyman et al., 1991). On the contrary, combined BDNF and
RA treatment did not induce morphological differentiation and neurites outgrowth
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in SH-SY5Y cultures when BDNF was added on 4DIV (Teppola et al., 2016). In
fact, the survival of differentiation cells in culture was dependent on the
continuous supply of BDNF hence the removal of such neurotrophin induced
apoptosis in an attempt of the cells to re-enter the cell cycle (Encinas et al., 2000).
Mature BDNF is best described for its ability to promote cellular mechanisms that
maintain the basis of axonal growth and cell survival through binding to TrkB
receptors. Such binding is tightly coupled to activity dependent events involving
activation of many second messengers such as MAPK-1, P85 and PLC-γ. This
signaling event eventually induces an immediate protein synthesis response that
influence antiapoptotic survival, cytoskeleton synthesis, dendritic growth and
synaptic plasticity enhancement (Deinhardt and Chao, 2014, Palasz et al., 2020).
Previous exogenous BDNF supplementation has increased the axonal branching
while depletion of this neurotrophin resulted in decreased dendritic density.
Therefore, manipulating different amounts of mature BDNF could contribute to
different morphological outcome (Deinhardt and Chao, 2014). The second
method of choice to differentiate SH-SY5Y cells is treatment with nanomolar
concentrations of (TPA), either alone or in combination with RA which induced
differentiation of SH-SY5Y cells. Pahlman et al.group induced a protocol of 7 to
10 days of combined TPA and nerve growth factor to differentiate SH-SY5Y and
SK-N-SH cells more efficiently to DAergic-like neurons (Pahlman et al., 1981).
This was judged by an increased level of NSE activity and expression with almost
40-fold increase in noradrenaline level as compared to control. However, the
growth inhibition was partially achieved in cultures and when growth curve was
extended in to 4 weeks, a new growth was noted. Also, despite the observation
of morphological differentiation evidenced by long process and cell projections,
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TPA-treated cultures were sparse in nature whereas differentiated cells tended
to aggregate in dense cultures. SH-SY5Y cells have been also driven toward
DAergic phenotype by combined treatment of RA and TPA for 10 days. Despite
this, the well-developed morphological differentiation and the increased NSE
activity observed in this study was not affected by the selective antagonistic effect
of RA on TPA-induced noradrenaline synthesis (Pahlman et al., 1984). The
sequential exposure of SH-SY5Y culture to 10μM RA, and 10-100ng/mL of BDNF
with serum free media was also considered as an induction method of
differentiating cells to a homogeneous neuronal population. This outcome was
concomitant with the expression of neuronal markers and the absence of any
neuronal crest derivatives that normally arise in those cells (Encinas et al., 2000).
Recent evidence suggested that finding an optimal coating of culture surface is
another essential parameter for cell survival and morphological phenotype of
differentiated cells such as neuritis outgrowth, branching and homogenous cell
adhesions. SH-SY5Y cells cultured on negatively charged surface tend to lose
attachment and eventually become less viable. A variety of coating materials
have been widely utilized to improve cellular adhesions into culture surface
including extracellular matrix proteins such as (Laminin, Fibronectin, collagen),
polymers like polyethyleneimine or polyornithine. Because differentiation is a time
dependent process, it is essential to analyze cell morphology few days after
seeding cultures to allow time for growth inhibition. SH-SY5Y grown on laminin
in serum free DMEM with 50nM IGF-1 for 72 hours exhibited not only
morphological but biochemical differentiation phenotypes (Dwane et al., 2013).
The effect of Laminin and PEI coating on RA and cholesterol-induced SH-SY5Y
differentiation was also evaluated. The morphological analysis of pre-coated
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cultures on 10DIV showed the positive impact of laminin on homogenous cellular
distributions, adhesion and extension and branching of long neurites with oval
nuclei indicating higher level of differentiation (Teppola et al., 2018).
5.2. Experimental Aims
Based on the review of available literature, we aimed to establish a new and
potential in vitro system model of previously inaccessible neurons through
differentiating SH-SY5Y in to dopaminergic cell model with 100% neuronal
characteristics and metabolic machinery for DA synthesis. We also evaluated the
validity of such model in PD research by applying multiple modalities of genetic
and chemical manipulations on differentiated cells to target pathways linked to
GBA-PD pathology principally A-SYN dysmetabolism and ER stress.
5.3. Objectives


To apply a simple 10 days protocol that promote differentiation of
SH-SY5Y neuroblastoma cells into 100% dopaminergic neurons.



To compare old and new protocols on the biochemical differentiation
of cells through the measurement of TH- expression and evaluate
the effect of applying either of these methods alone on the
biochemical and morphological phenotypes of the cells.



To genetically and chemically modulate GCase activity in these cells
either by treating with CBE to completely inhibit GCase, or by over
expressing heterozygous L444P mutant GBA to mimic the UPR and
gain of function pathophysiology.



To characterize the differentiated cells through the measurement of
lysosomal contents and intracellular A-SYN level with the presence
and absence of CBE.
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LB is considered as the main pathological hallmark in PD. thus,
investigating A-SYN metabolism in differentiated SH-SY5Y cells,
either normal or those overexpressing WT SNCA, is useful parallel
approach. Also, seeding differentiated SH-SY5Y cells with
recombinant PFFs may decipher the mechanisms of A-SYN
aggregation in neurons known in PD.

5.4. Experimental Design
To investigate biochemical mechanisms that might contribute to DAergic loss
observed in PD, we have applied different strategies on differentiated SH-SY5Y
based on pharmacological and genetic approaches to manipulate of expression
of the candidate gene. SH-SY5Y cell line was obtained from the European
Collection of Cell Cultures and all lines used in this project were cultured as
illustrated in details in (sections 2.1.5).
Differentiation of different SH-SY5Y lines was carried out using protocol
described in (section 2.1.6). Briefly, pre-coated vessels were used for
differentiating SH-SY5Y cells at density of 3 x 105 cells/ml in a 6-well plates. 30µM
RA, combined with 2.5nM of BDNF, was used to induce differentiation in the first
3 days; then the media was replenished with fresh RA+BDNF on 3,6,9 and 12DIV
(Figure 0.1). In a parallel culture, parental SH-SY5Y line was differentiated at
seeding density of 0.4 x 105 cells/ml using the old protocol reported by (Sidell,
1982) and undifferentiated (undiff) SH-SY5Y cells grown as normal were used as
control. Assessment of morphological phenotype by light microscopic imaging
on10 DIV showed that cells treated with a combination of RA and BDNF were
homogenously distributed throughout the culture plate, and have acquired
neuronal phenotype characterized by extending and branching neuritic
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processes. The biochemical differentiation was confirmed by WB of cell lysates
which showed increased TH expression level indicating the dopaminergic lineage
of SH-SY5Y cells (Figure 0.3). Detailed differences between new and old
differentiation methods are illustrated in (Table 0.1).
Dopaminergic neurons are sensitive to extracellular A-SYN-induced toxicity.
Therefore, to enhance its propensity for aggregation, differentiating SH-SY5Y
cells were seeded with PFFs on 3 or 4 DIV to ensure cessation of proliferation
(section 2.4). Culturing continued with regular media changes for at least 10 days
(3 days in presence of PFFs and then at least another 7 days of media changes)
and seeded cultures were investigated for downstream pathological events such
as formation of insoluble/aggregated/phosphorylated A-SYN and cell death.
Alongside cellular differentiation and in addition to the genetically modified
models, we also targeted the impact of GCase loss-of-function on differentiated
cells through exposure to pharmacological inhibition of enzyme activity with 10µM
of conduritol-b-epoxide (CBE) from 3DIV. Following this, culturing of cells
continued for at least 10 days (Figure 0.1), and GCase activity was monitored
upon harvesting to check that inhibition was maintained.
Overexpression of WT SNCA has been successfully used to model PD (Chau et
al., 2009). However, this manipulation needs triggers such as cell differentiation
(Xicoy et al., 2017). We therefore differentiated SH-SY5Y lines C205
(overexpressing (O/E) wild-type SNCA) to observe A-SYN aggregation in
vulnerable cells, undifferentiated C205 was used as control.
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Figure 0.1 Time line guide of differentiation different SH-SY5Y cell lines ± CBE and
PFFs treatment.

Table 0.1 Differences between differentiation protocols
Differentiation method

New

Old

BDNF

+ 2.5nM

------

RA

+30µM

+30µM

Seeding density

3 x 105 cells/ml
(Parental SH-SY5Y)

0.4 x 105 cells/ml

4.5 x 105 cells/ml
(SH-SY5Y O/E WT
SNCA)

Coating

+++

---------

Differentiation media

Differentiation media
(neurobasal media
supplemented with 1X
B27)

DMEM/F-12 Nutrient
(supplemented with 10
% fetal calf serum)

Morphology

complex neuronal
network and 100%
homogeneous
distribution

sparse islets of cells
and less neuronal
branching /more
proportion of (S) type
cells

TH expression level

++++

Negligible
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5.5. Results
5.5.1. Effect

of

(RA+BDNF)-Induced

Differentiation

on

Tyrosine

Hydroxylase (TH) Level in SH-SY5Y Lines
We demonstrated that SH-SY5Y cells treated with the differentiation agent RA
and BDNF exhibited cessation of proliferation rate and acquired neuronal-like
morphology. Exogenous administration of BDNF enhances cells survival and
contributes to the morphological complexity of neuronal network. In an attempt to
assess the validity of RA- treatment in differentiating SH-SY5Y, we analyzed the
concomitant change in cellular biochemistry by WB which showed pronounced
expression of the DAergic neurons marker (TH) confirming their biochemical
phenotype (Figure 0.2). In addition to 100% neuronal morphology (Figure 0.3),
differentiated SH-SY5Y O/E WT SNCA showed the same increase in TH level as
that of the parental line (Figure 0.2). However, TH expression was not further
induced by the addition of BDNF nor detected in differentiated cells using RA
alone (no BDNF) which was further supportive for the method we used compared
to other differentiation protocols (Figure 0.2).
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Figure 0.2 Induced expression of TH dopaminergic marker upon SH-SY5Y
differentiation. (A, B): Representative image and bar chart summarization of western
blot, for normal parental SH-SY5Y and those O/E WT SNCA, showing increased TH
expression with RA+BDNF treated lines (n=1). Note that TH band of the correct size (~
60 kDa, red arrow) was not detected in undifferentiated cells (control) or when using
the old differentiating protocol (no BDNF), β Actin used as loading control
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Figure 0.3 Light microscopic images of differentiated of SH-SY5Y cell lines (new vs
old method). All pictures were taken on 10DIV; (A): Effects of (30μm RA + 10ng/ml
BDNF) in differentiating normal parental SH-SY5Y cells for 10 days showing complex
neuronal morphology and no longer division (×10, scale bar represents 25μm), black
arrows indicate neurites and red asterisks indicate cell bodies. (B): The boxed region
in (A) is shown on the right at higher magnification (×10). (C): Differentiated normal
SH-SY5Y cells cultured for 10 days using the old method (×20); the merely
administered RA was unsuitable for the complete acquisition of complex neuronal
network, cell islets were sparse showing less neurites extension and apparently
retaining higher proportion of morphologically distinct substrate adherent (S) type
cells. (D): Differentiated SH-SY5Y cells O/E WT SNCA cultured for 10 days using
RA+BDNF (new method), (×20) showing neuronally differentiated and homogenous
cell population with extension of neurites process.
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5.5.2. Assessment of GCase and Other Lysosomal Hydrolases Activities in
Parental Differentiated SH-SY5Y Model
Total cellular GCase, and other lysosomal hydrolases, β-hexosaminidase and β
galactosidase, activities were analyzed in differentiated SH-SY5Y cells. GCase
activity was significantly increased in differentiated parental SH-SY5Y
(mean=2.16±0.125)

when

compared

to

undifferentiated

cells

(mean=1.31±0.142), (***p<0.05, n=7), (Figure 0.4).
We also confirmed that, in differentiated SH-SY5Y cells, continuous
administration 10µM CBE over 10 days dramatically abolished GCase activity by
more than 95%. In addition, analysis of other lysosomal hydrolases activities
showed significant higher β-hexosaminidase (mean=0.249±0.008, ***p=0.005),
and β-galactosidase (mean=0.061±0.005, *p=0.034) when compared to their
respective control group, (Figure 0.4). Collectively these findings indicated
increased lysosomal mass and further supported the induced expression GCase,
LIMP2 and Cathepsin D with differentiation, (Figure 0.5).
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Figure 0.4 Analysis of GCase, β-hexosaminidase and β-galactosidase activities in
differentiated SH-SY5Y cell model. (A): Bar charts summarizing for GCase activity
measured in nmol of product/hour/µg protein (n=7undiff SH-SY5Y; 7diff SH-SY5Y; 5
diff SH-SY5Y+CBE; 4 diff SH-SY5Y O/E WT SNCA): GCase activity significantly
(***P=0.0006) increased following RA+BDNF differentiation of SH-SY5Y cells
(mean=2.16±0.125) against control (mean=1.31±0.142). The enzyme activity was also
dramatically inhibited following CBE treatment to >95% in treated cells (0.09±0.009)
when compared to other untreated SH-SY5Y cell lines (mean undiff SHSY5Y=1.31±0.142, ****p<0.0001, diff SH-SY5Y=2.16±0.125 ****p<0.0001, diff SH-SY5Y
O/E WT SNCA=1.91±0.198, ****p<0.0001), data are expressed as mean  SEM. (B): Bar
chart quantification for the mean β hexosaminidase activity measured in nmol of
product/min/µg protein, (n=7undiff SH-SY5Y; 8 diff SH-SY5Y; 4 diff SH-SY5Y+CBE;2
diff SH-SY5Y O/E WT SNCA); mean activity=0.122±0.028 in control vs 0.249±0.008 in
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diff normal SH-SY5Y cells (***p=0.005); 0.232±0.014 in diff cells exposed to CBE
(*p=0.011); and 0.297± 0.006 in diff SH-SY5Y O/E WT SNCA (**p=0.002). (C): The mean
β-galactosidase activity expressed in nmol of product/min/ µg protein was
significantly

elevated

in

diff

normal

SH-SY5Y

(mean=0.061±0.005)

against

undifferentiated cells (mean=0.063±0.004), (*p=0.034). No significant alteration in βgalactosidase activity observed in diff SH-SY5Y+CBE and diff SH-SY5Y O/E WT SNCA
with respect to control; (mean activity: diffSH-SY5Y+CBE=0.061±0.004, p=0.101;
diffSH-SY5YO/E WT SNCA=0.061±0.004, p=0.183), (n=5 undiff SH-SY5Y; 8 diff SHSY5Y; 4 diff SH-SY5Y+CBE;2 diff SH-SY5Y O/E WT SNCA); Each bar represents mean
of enzymatic activity from independent cultures ± SEM.
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5.5.3. Characterization of Differentiated SHSY5Y Cells
The change of lysosomal mass following differentiation was investigated in
parental normal and WT SNCA O/E SH-SY5Y(C2O5) cell lines by western blot.
Data were expressed as the mean density of the proteins against the density of
the housekeeping protein β actin, from 4 independent cultures± SEM. Our results
showed that following differentiating, the amount of GCase protein significantly
increased (*p<0.05) both in the differentiated SH-SY5Y cells (0.881± 0.134) and
in respective group treated with CBE (1.26±0.146, **p<0.05), when compared to
control group (0.083±0.014). Also, GCase amount was found non-significantly
increased in differentiated C2O5 cells (0.579±0.435, p=0.253) when compared
to control group (n=4 undiff SH-S, 2 diff C2O5).
We then explored the effects of differentiation on a major lysosomal protease
marker, Cathepsin D, and the GCase transporter LiMP2. The mean expression
levels of these proteins, although not reaching statistical significance (p>0.05),
were found increased in differentiated SH-SY5Y±CBE when compared to control
and thus pointing to increased lysosomal contents with differentiation (LiMP2:
undiff SH-S=0.418±0.191; diff SH-S=0.759±0.153, diff SH-S+CBE=0.771±0.243;
Cathepsin D: undiff SH-S=0.500±0.163; diff SH-S=0.887±0.094; diff SHS+CBE=0.759±0.105), (
Figure 0.5).
Likewise, LIMP2 expression was induced in differentiated C2O5 cells (0.966±
0.629) as compared to control group, but did not reach statistical significance.
Cathepsin D level, however, was similar to that of control group (undiff SHS=0.500±0.163, diff C2O5=0.511±0.019, p>0.05, n=4 undiff cells, 2 diff C2O5),
(Figure 0.5). The increased LIMP2 protein expression in differentiated cells could
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be a consequence of CBE treatment. Previous analysis of the interaction of LIMP2 and mutant GCase showed that L444P mutation did not abrogate it’s binding
to LIMP-2. However, induced expression of LIMP2 helped to enhance the
transport of GCase to lysosomal compartment (Reczek et al., 2007).

Figure 0.5. Characterization of differentiated SH-SY5Y cells. (A): Western blot image
showing increased lysosomal mass upon differentiation as evident by increased
GCase, LIMP2, Cath D and A-SYN levels in differentiated SH-SY5Y cells when
compared to control group, β Actin used as loading control, (n=4), red arrow is
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pointing to endogenous A-SYN running at 15kDa region and yellow circle is showing
HA tagged protein migrating at slightly higher size (17kDa). (B): Quantification of mean
LiMP2 expression levels normalized to loading control and showing a trend of
increased LIMP2 in differentiated SH-SY5Y and C2O5 lines, (Undiff SH-S =0.418±0.191;
diff normal SH-S=0.759±0.153; diff SH-S+CBE =0.771±0.243; diff C2O5 =0.966±0.629,
p=0.741; (n=4 undiff, diff SH-S±CBE and 2 C2O5 lines). (C): Bar charts analysis of
western blots showing significantly increased GCase protein, both in the
differentiated SH-SY5Y cells (mean=0.881± 0.134, *p=0.019) and in respective group
treated with CBE (1.26±0.146, **p=0.001) vs control group (0.083±0.014). The A-SYN
overexpression in diff C2O5 cells was associated with nonsignificant reduction in
GCase protein level (0.579±0.435) compared to that of normal parental line (0.881 ±
0.134, p=0.386); (n=4 undiff, diff SH-S±CBE and 2 C2O5 lines). (D): Bar chart analysis
of Cathepsin D protein normalized to β Actin and showing a trend of increased protein
expression in differentiated normal SH-SY5Y±CBE when compared to undifferentiated
line; Undiff SH-S=0.500±0.163; diff normal SH-S=0.887±0.093; diff SH-S+CBE
=0.759±0105, P=0.142, (n=4). Differentiated C2O5 cells O/E A-SYN exhibited nonsignificant reduction in CathD protein (0.511±0.019) vs control group (0.500±0.163),
(n=4 undiff normal SH-S and 2 C2O5 lines). (E): Expression level of A-SYN following
differentiation showing slight but non-significant increased A-SYN in differentiated
parental line and massive elevation of monomeric HA-tagged A-SYN in differentiated
C2O5 as compared to all other groups (A-SYN mean; Undiff SH-S =0.099±0.064,
***P=0.003; diff SH-S=0.593±0.138, **p=0.008; diff SH-S+CBE=0.555±0125, *p=0.014;
diff SH-SY5Y O/E WT SNCA (C2O5)=1.84±0.246) (n=2 undiff, diff SH-S±CBE and 4 C2O5
lines). All data were expressed as the mean density of the target protein expressed
against the density of housekeeping protein (β actin) of cultures derived from
independent SH-SY5Y lines ± SEM

Furthermore, we investigated the link between neuronal differentiation and
monomeric A-SYN level. We first found nonsignificant elevation of endogenous
A-SYN amount in differentiated normal SH-SY5Y cells ±CBE as compared to
control (undiff SH-SY5Y line); (control =0.099±0.064, diff SH-S =0.593±0.138,
p=0.335; diff SH-S +CBE=0.555±0125, p=0.545). However, the over-expression
of ectopic haemagglutinin (HA)-tagged A-SYN in C2O5 line caused significant
increase in A-SYN as compared to control and other differentiated SH-SY5Y
lines; (Undiff SH-S =0.099±0.064, ***P=0.003; diff normal SH-S=0.593±0.138,
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**p=0.008;

diff

normal

SH-S+CBE=0.555±0125,

*p=0.014;

diff

C2O5=1.84±0.246); western blotting with anti-total A-SYN antibody showed that
these cells exhibited greater proportion of A-SYN band which was migrating
slightly slower than that of parental SH-SY5Y at 17kDa region due to HA tagging
(Figure 0.5). This expression pattern was similar to that reported in the original
work of (Chau et al., 2009) and perhaps it was the reason here of diminished
GCase protein level in cells (0.579±0.435) when compared to differentiated
parental normal SH-SY5Y (0.881 ± 0.134), (Figure 0.5). This finding has further
supported the plausible established link between GCase deficiency and
monomeric A-SYN accumulation (Gegg et al., 2012, Mazzulli et al., 2011,
Chiasserini et al., 2015, Sardi et al., 2015, Murphy et al., 2014). In addition, it was
shown previously that pharmacological inhibition of GCase activity by CBE can
lead to increased ASYN levels in dividing SH-SY5Y cells (Cleeter et al., 2013).
We therefore investigated the effect of CBE treatment on differentiated normal
SH-SY5Y under basal condition and found that in cells challenged with CBE
exposure alone, the endogenous monomeric A-SYN level was comparable with
that of untreated differentiated cells (diff SH-S =0.593±0.138, p=0.335; diff SH-S
+CBE=0.555±0125, p=0.545), (Figure 0.5).
In summary, and at the used cell seeding density, we reported increased levels
of GCase, Cathepsin D and LiMP2 proteins in differentiated normal SH-SY5Y in
a relative abundance to the undifferentiated cells. However, the over-expression
of A-SYN in differentiated C2O5 cells reduced GCase protein level in cells. Also,
monomeric A-SYN level was not influenced by almost total loss of GCase activity
in differentiated parental cells thus suggesting that an additional stress, rather
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than GCase inhibition, is needed to induce A-SYN pathology in differentiated
dopaminergic cells.
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5.5.4. PFFs Treatment Promotes Insoluble A-SYN Accumulation in Normal
Parental and WT SNCA Overexpressing Differentiated SH-SY5Y Cells
We used pre-formed recombinant A-SYN fibrils (PFFs) to demonstrate if once
taken up by the cells, could promote recruitment of endogenous A-SYN and
aggregates formation that are characterized by detergent-insolubility and Ser129
hyperphosphorylation. We have also addressed the impact of loss of GCase
activity on A-SYN metabolism by treating differentiated SH-SY5Y cells with PFFs
in the presence of 10 µM of GCase inhibitor (CBE). When applying this approach,
differentiating parental SH-SY5Y cells were first seeded with 5µg/ml of PFFs as
described in details in (section 2.4). Briefly, cells seeded with PFFs for 3 days
after which media were changed and cells were incubated for another 7 days with
a final media change 24 hours before harvesting cells (Figure 0.1). Ten days after
the initial treatment, the proportion of soluble and insoluble A-SYN were
assessed by western blotting of Triton X-100 (soluble) vs. urea-SDS (insoluble)
fraction, both in the presence and absence CBE. During western blotting, the
protein concentration loaded was similar between soluble and insoluble fractions
which were probed first for total A-SYN followed by 129Ser phosphorylated form.
Our results showed that in any of untreated differentiated cells, no insoluble ASYN bands were detected (Table 0.2) and all monomeric A-SYN remained in TX100 soluble fractions (Figure 0.6,B). Also, CBE treatment did not significantly
increase TX-100 soluble A-SYN, and only a small proportion of monomeric ASYN became insoluble and appeared in (SDS-urea) fraction under this condition
(yellow arrows Figure 0.6,B and C). As opposed to that and when cells were
seeded with PFFs, either alone or combined with CBE, a similar or relatively
denser bands ~15kDa appeared as TX-100 soluble state with the vast majority
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of A-SYN protein began to accumulate as insoluble (i.e. SDS-Urea-soluble)
fractions (red, blue arrows Figure 0.6). Under all experimental conditions, and
when the density of the TX-100 soluble and insoluble A-SYN bands was
measured, no significant alteration in monomeric soluble A-SYN level was
detectable between groups (P=0.104) despite being slightly increased under
PFFs±CBE conditions relative to the untreated control, (untreated=0.37±0.098;
+CBE=0.60±.111; +PFFs=0.68±0.067; PFFs+CBE=0.84±0.175), (Figure 0.7 A).
On the other hand, there was significant increase in insoluble A-SYN fractions in
cells following PFFs (0.89±0. 287, *p=0.048) and PFFs+CBE treatment
(0.589±0.127, *p=0.019) when compared to untreated group (0.054±0.022).
GCase inhibition by itself, was not sufficient to induce significant accumulation of
insoluble A-SYN (0.124±0.058, p=0.999) when compared to untreated cells,
(Figure 0.7, B).
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Figure 0.6 Effect of PFFs seeding on differentiated SH-SY5Y dopaminergic neurons.
(A): Western blot image for 10 ng recombinant PFFs, mixed with gel loading buffer
showing two bands: one at the expected 15 kDa size for monomeric A-SYN, and a faint
band at 35 or 40kDa (red circle). (B-D): Representative WB images showing the effect
of PFFs seeding on differentiated SH-SY5Y cells 10 days after the initial treatment; the
proportion of soluble and insoluble A-SYN were assessed and probed with total and
Ser129 phosphorylated anti A-SYN antibodies. There was small fraction of insoluble
A-SYN in CBE treated cells (yellow arrows) which became denser in PFFs seeded cells
(red arrows) and PFFs+CBE treated (blue arrows). Some of these insoluble fractions
were phosphorylated at Ser129 (green arrowheads). Also, there is evidence of HMW
species (30-50 kDa, blue arrow heads in B) and (>205kDa, red circles in B) found as
insoluble fractions in cells treated with PFFs and PFFs+CBE. β Actin and GAPDH were
used as loading controls, (n=6 untreated, 8+CBE, 7+PFFs, 8+CBE+PFFs).
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Figure 0.7 Bar chart analysis of western blot of TX-100 soluble vs insoluble A-SYN
fractions in differentiated normal SH-SY5Y cells. (A): A non-significant increase in TX100 soluble A-SYN band densities normalized to that of β Actin or GAPDH in both PFFs
(0.679±0.067, n=7) reaching the peak in cells treated PFFs+CBE (0.842±0.175, n=8)
against untreated cells (0.370±0.098, n=6) or those treated with CBE (0.580±0.011, n=8).
(B) There was significant increase in insoluble A-SYN protein expression in cells
following PFFs (0.890±0.287, *p=0.048, n=5) and PFFs+CBE treatment (0.589±0.127,
*p=0.019, n=5) when compared to untreated cells (0.054±0.022, n=3). No significant
alteration detected between CBE treated (0.124±0.058, n=4) and untreated cells. (C):
Bar chart summarizing the proportion of insoluble phosphorylated A-SYN of SDSsoluble fractions relative total insoluble A-SYN and showing no significant (p=0.647,
n=2) difference between PFFs (59.6220.96%) and PFFsCBE (102.878.26%), Data are
expressed mean of independent SH-SY5Y cultures SEM.
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Table 0.2 Effect of PFFs seeding on differentiated SH-SY5Y cells

±CBE/ ±PFFs

Insoluble monomeric
A-SYN

Insoluble monomeric
phospho A-SYN

HMW

Untreated

1/6

0/3

0/5

+CBE

3/6

1/4

0/5

+PFFs

5/6

2/4

6/6

PFFS+CBE

5/6

2/4

5/6

In addition to that, and as a proof of what was measured is most likely the
endogenous A-SYN and not just the PFFs added to cultures, we run 10ng of
recombinant PFFs mixed with loading buffer on SDS page that showed two
bands: one at the expected 15 kDa size for monomeric A-SYN, and a faint band
running at 35 or 40kDa, (Figure 0.6 A). By contrast, a high molecular weight
(HMW) polypeptide bands (>250 kDa) were specifically detected by antibody
against total A-SYN in SDS-urea soluble fractions from cultures seeded with
PFFs with and without CBE treatment (red circles in Figure 0.6 B). These bands
were remarkably dense in their form (i.e. SDS-stable), corresponding possibly to
the aggregated forms of A-SYN and observed in nearly all PFF s seeded blots
we analyzed (Table 0.2). This finding was similar to that reported by (Tapias et
al., 2017, Grassi et al., 2018). However, no immunoreactivity for such HMW
bands was detected in untreated cells or under CBE treatment (Figure 0.6, B and
C). Furthermore, there was evidence of an additional minor insoluble HMW bands
(∼30 and 50 kDa) observed in cultures treated with PFFs with and without CBE
treatment (blue arrow heads in Figure 0.6 B). Table 0.2 summarizes the results
from several independent PFFs treatments of differentiated SH-SY5Y.
Despite the fact that deposition of the abundant neuronal and glial A-SYN protein
as an insoluble fibrillary aggregate is considered as pathognomonic lesion in PD,
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A-SYN can undergo post-translational modifications in the brain of PD patients.
These modifications include phosphorylation at Ser129 which promote fibrils
formation and is thought to be important in Lew pathology (Fujiwara et al., 2002,
Anderson et al., 2006, Oueslati, 2016). A-SYN extracted from brains of patients
with DLB showed that almost 90% of urea-soluble A-SYN is phosphorylated at
Ser129 whereas only 4% of phosphorylated insoluble A-SYN is extracted freshly
from normal rat brain (Fujiwara et al., 2002). This observation possibly indicates
that phosphorylated A-SYN found in Lewy pathology (LP) might be the real culprit
of PD pathogenesis. Importantly, seeding primary neuron cultures with PFFs
resulted in accumulation of phospho A-SYN which further confirmed that these
species are the key to neurotoxic events in PD (Grassi et al., 2018). To examine
the phosphorylation of Ser129 of A-SYN under basal and stress conditions, we
used antibody that specifically cross-reacts with 15kDa band corresponding to
monomeric phospho-A-SYN. After analyzing differentially solubilized A-SYN
blots, we found that although small fraction of monomeric phospho-A-SYN bands
remained in TX-100 soluble state, considerable proportion of insoluble
monomeric A-SYN was phosphorylated at Ser129 only when cultures were
exposed to PFFs (59.6220.96%) or PFFsCBE (102.878.26%), (green arrow
heads Figure 0.6), (Figure 0.7) and were present in two out of four blots (Table
0.2). However, there was no significant difference detected in insoluble phospho
A-SYN densities between PFFs and PFFs+CBE groups (n=2, p=0.647).
We also extended our characterization by applying the same experimental
paradigm using differentiated SH-SY5Y O/E HA tagged WT SNCA (C2O5 cells).
This was done to demonstrate that HA tagged A-SYN can show that PFFs
treatment can induce the ‘endogenous’ HA-tagged A-SYN to become insoluble
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and it is not just PFFs seeded to cells that we are detecting (Figure 0.8 A). First,
and as a proof of HA antibody specificity, we included TX-100 soluble lysate of
parental normal diff SH-SY5Y in our experiment which, unlike the HA-expressing
A-SYN cells, did not detect a band at ~17 KDa. Our results showed that PFFs
and CBE treatment, either alone or combined together, did not induce TX-100 ASYN accumulation in these cells against the untreated control despite high ASYN expression, (TX-100 A-SYN; untreated =0.9300.106; +PFFs=0.8720.168;
+CBE=0.9610.062; PFFs+CBE=1.00010.425, p=0.983, n=3), (Figure 0.8).
However, there was non-significant trend of elevated SDS-Urea soluble HA-ASYN with the appearances of some 30-50kDa minor HMW species in cells
incubated with either PFFs alone or combined with GCase inhibition (SDS
untreated=0.2730.111;+PFFs=0.4030.222;+CBE=0.1890.092;PFFs+CBE=0
.4950.222, p=0.566, n=3), (Figure 0.8). PFFs treatment by itself was sufficient
to induce accumulation of insoluble A-SYN robustly in overexpressing cells when
compared to those detected in normal differentiated lines.
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Figure 0.8 Effect of PFFs seeding in differentiated SH-SY5Y O/E WT SNCA in the
background of GCase inhibition. (A): Representative WB images showing the effect of
10 days long PFFs seeding in differentiated SH-SY5Y O/E WT SNCA with and without
CBE treatment; the proportion of soluble (yellow arrowhead) and insoluble A-SYN
(denoted by the green arrowhead) were assessed and probed with total anti A-SYN
antibodies. β Actin used as loading control, (n=3), parental normal differentiated SHSY5Y (lane 5) was used to show specificity of HA antibody in detecting tagged A-SYN
(B) Bar chart analysis of TX-100 soluble A-SYN fractions in differentiated SH-SY5Y
cells O/E WT SNCA normalized to β Actin; CBE and PFFs treatment, alone or
combined, did not induce soluble A-SYN accumulation in cells despite high A-SYN
expression,(ASYN;untreated=0.9300.106;+PFFs=0.8720.168;+CBE=0.9610.062;PF
Fs+CBE=1.00010.425, p=0.983, n=3). (C): There was small but not significant increase
of insoluble A-SYN fraction in PFFs treated with the evidence of 30-50kDa HMW
species in cells incubated with either PFFs alone or PFFs combined with GCase
inhibition

against

untreated

cells,

(SDS-urea

ASYN;

untreated=0.2730.111;

+PFFs=0.4030.222; +CBE=0.1890.092; PFFs+CBE=0.4950.222, p=0.566, n=3). Data
are expressed mean of 3 independent SH-SY5Y cultures SEM.
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5.5.5. Fluorometric Measurement of Cell Viability in Primary Neuronal
Culture Seeded with PFFs
The effect of PFFs and CBE treatments on cell viability in differentiated SH-SY5Y
was measured (n=5). We observed that treating cells with 5µg/ml of PFFs caused
no apparent toxicity. The number of viable cells were comparable between
different experimental conditions with and without 10 µM CBE as judged by CTB
assay (section 2.8), (Figure 0.9), indicating that PFFs treatment had no effect on
cell viability.

Figure 0.9 Influence of PFFsCBE on cell viability 10days after the initial treatment of
differentiated SH-SY5Y cells. As determined by the CTB assay, no significant change
of viable cell number was observed under any experimental condition, (P=0.991). Data
was expressed as the mean fluorescence and calculated from three wellsSEM, (n=5).
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5.5.6. PFFs Induced Extracellular Release of A-SYN From Differentiated
Normal SH-SY5Y and Cells O/E WT SNCA
There is increasing evidence that aggregated A-SYN fibrils might have a prion
like mechanism which contributes to the spread of Lewy body pathology in PD
brains (Kim et al., 2019). We therefore continued investigating the extracellular
release of A-SYN in differentiated SH-SY5Y cell models by ELISA, both under
basal condition and when cells were treated with PFFs CBE. Measurement of
monomeric A-SYN release into conditional media derived from differentiated
normal SH-SY5Y confirmed no significant induction of exocytosis in cultures
treated with 10µM CBE for 10 days as compared to untreated group
(untreated=113797.73, +CBE=1618600; p>0.999, n=3), (Figure 0.10, A).
However, cells seeded with PFFs, either alone or with CBE, showed significant
increased extracellular release of A-SYN when compared to control;
(untreated=113797.73;+PFFs=7638703;***p=0.008;PFFs+CBE=101783186
; *p=0.039, n=3), (Figure 0.9). The release of A-SYN under PFFsCBE conditions
was

even significantly enhanced when compared to CBE

treatment

alone;(CBE=1618600.0,+PFFs=7638703;**p=0.0029;PFFs+CBE=10178318
6, p=0.0576, n=3), (Figure 0.9). This might be indicating that the loss of GCase
activity by itself was insufficient to significantly enhance the release of free
monomeric A-SYN from cells and an additional stress such as PFFs treatment
was needed. However, there was no significant difference in monomeric A-SYN
release from cultures treated with PFFs alone and from those treated with
PFFs+CBE, (+PFFs=7638703; PFFs+CBE=101783186, p=0.479, n=3),
(Figure 0.9).
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Figure 0.10 ELISA of conditional media derived from differentiated dopaminergic cells,
normal parental and over-expressing WT SNCA (C2O5). Conditional media was
measured in duplicates (A): Bar chart analysis showing no significant induction of ASYN release in cultures treated with 10µM CBE for 10 days as compared to untreated
group (untreated=113797.73, +CBE=1618600; p>0.999, n=3). Cultures seeded with
PFFs, either alone with CBE, showed significantly increased monomeric A-SYN
release into media as compared to control;(untreated=113797.73; +PFFs=7638703;
***p=0.008; PFFs+CBE=101783186; *p=0.039, n=3). In addition, the release of A-SYN
under PFFsCBE conditions was significantly induced when compared to CBE
treatment

alone;(CBE=1618600.0;

+PFFs=7638703;

**p=0.0029;

PFFs+CBE=101783186, p=0.0576, n=3), there was no alteration in A-SYN release
between PFFs alone and PFFs+CBE conditions. (B) Bar chart analysis of monomeric
A-SYN release in to media of differentiated SH-SY5Y O/E WT SNCA (C2O5) showing
that; CBE exposure did not cause further increase in A-SYN release from C2O5 cells
when

compared

to

untreated

control

(untreated=29504781234,

+CBE=

327355149549, p>0.999, n=3). However, the release of A-SYN following PFFs
treatment was induced to be 2.5 times more than the control groups (+PFFs=
736433140951,

p=0.146,

n=3).

In

addition,

PFFs+CBE

treatment

induced

nonsignificant A-SYN extracellular release from cells (PFFs+CBE = 58073391135,
p=0.500, n=3). In general, the release of A-SYN in to culture media was much
pronounced in cells overexpressing A-SYN than normal parental SH-SY5Y due to
higher endogenous A-SYN levels, all presented data were expressed as mean of 2
experimental repeats ± SEM.
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We also quantified monomeric A-SYN level released into the conditional media
of differentiated SH-SY5Y O/E WT SNCA (C2O5) by ELISA. Our results showed
that under basal condition, the release A-SYN from C2O5 cells was ∼260 times

higher compared to that of untreated normal parental SH-SY5Y (ASYN amount
in pg/mg protein; untreated diff normal SH-S=113797.73; untreated diff C2O5=
29504781234, n=3) implicating the high level of endogenous A-SYN due to
enhanced expression results in more A-SYN being released (Figure 0.10, B).
However, CBE exposure did not cause further increase in A-SYN release from
differentiated C2O5 cells against untreated control (untreated = 29504781234,
+CBE= 327355149549, p>0.999, n=3) suggesting that A-SYN release is not
dependent on the total loss of GCase activity. Despite that, following PFFs
treatment, the release of A-SYN from the same neurons was augmented to be
2.5 times more than that of untreated cultures (+PFFs= 736433140951,
p=0.146, n=3). Furthermore, combined PFFs and CBE induced monomeric ASYN

exocytosis

although

not

reaching

statistical

significance

(PFFs+CBE=58073391135, p=0.500, n=3), (Figure 0.10). These findings
collectively indicated that the released of A-SYN from C2O5 cells was parallel to
its overproduction in cells and was even worse by PFFs treatment.
We then extended our analysis to investigate the release of synuclein fibrils into
cell culture media in the last 24hrs of the experiment using dot blot. Analysis of
culture media from PFFs-treated differentiated normal SH-SY5Y displayed
immunopositivity for A-SYN fibrils. However, differentiated normal SH-SY5Y
cultures treated with both PFFs and CBE released more A-SYN fibrils, although
not reaching statistical significance (+PFFs=87.5842.69, PFFs+CBE=115.8
74.52, P=0.759, n=3), (Figure 0.11, A and B). More importantly, when A-SYN
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fibrils were normalized to the protein content of the well, the mean concentration
in media was 230.9±69.54 ng/ml in differentiated C2O5+PFFs and 290.6±78.12
in those treated with PFFs+CBE. This amount was more than 2 times higher than
that of differentiated parental SH-SY5Y cells (Figure 0.11, A and C). However,
we could not estimate if the released A-SYN fibrils were free or exported in
exosomes, therefore we used dot blot analysis to further quantify ALIX exosomal
marker (Figure 0.12).

Figure 0.11 Dot blot for A-SYN fibrils in conditioned media from PFFs 10 M CBE in
differentiated SH-SY5Y cells. (A): Conditional media was measured in duplicates and
the PFFs concentration calculated using PFFs standard curve (0-30 ng/ml). The mean
was taken and normalized to protein content of the respective well. (B, C): Bar charts
showing fibrillar A-SYN release from PFFsCBE- treated differentiated normal SH-
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SY5Y and those O/E WT SNCA (n=4 and 3 independent cultures respectively). Data
represent the mean  SEM and show no alteration in the release of A-SYN between
PFFs

and

PFFs+CBE

treatment

in

both

normal

(+PFFs=19.4210.6;

PFFs+CBE=21.4411.75; P=0.902=, n=4) and cells O/E WT SNCA (+PFFs=230.969.54;
PFFs+CBE=290.678.12; P=0.599, n=3).

Quantification of number of exosomes released into the media derived from
differentiated normal SH-SY5Y cultures showed that it was similar to untreated
control whether these cultures were treated with PFFs or not (Alix differentiated
normal

SH-SY5Y:

untreated=615497327794;

+CBE=857033831833;

+PFFs=841057311588; PFFs+CBE=448145331674 P=0.926, n=3), (Figure
0.12 A and B). This finding demonstrated that although the number of exosomes
was not increased, at least part of A-SYN fibrils was present inside exosomes.
Likewise, differentiated C2O5 overexpressing A-SYN and treated with
PFFsCBE showed no significance difference in exosomes released when
compared

to

untreated

control

(Alix

differentiated

C2O5:

untreated=748363716742;+CBE=1782957671154;+PFFs=1612306134481;
PFFs+CBE=1635206716342, P=0.856, n=3), (Figure 0.12 A and C). However,
due to more intracellular A-SYN being produced in C2O5, cultures treated with
PFFs+CBE were releasing nearly 4 times more exosomes than their respective
differentiated parental SH-SY5Y cells.
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Figure 0.12 Dot blot for the exosome associated release of fibrillar A-SYN into culture
media of differentiated SH-SY5Y cells, normal and O/E WT SNCA (C2O5). Exosome
associated A-SYN fraction from differentiated cells were immunopositive for Alix
marker indicating the presence of exosomes in conditioned media (A): Bar chart
analysis showing that differentiated normal SH-SY5Y cells treated with PFFs and/or
CBE

released

similar

number

of

exosomes

as

untreated

control

(Alix:

untreated=615497327794; +CBE=857033831833; +PFFs=841052311588; P=0.926,
n=3). (C): Quantification of number of exosomes released into culture media of
differentiated C2O5 overexpressing WT SNCA showing more exosomes in media
when compared to differentiated parental SH-SY5Y. However, there was no alteration
observed in the release of exosomes under, +PFFs or PFFs+CBE experimental
conditions

(untreated=748363716742;

+CBE=1782957671154;

+PFFs=16123061344831; PFFs+CBE=1635206716342; p=0.269, n=3). Data represent
the mean ± SEM.
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5.5.7. UPR &ER Stress in Differentiated SH-SY5Y cells O/E WT and L444P
GBA
Due to the high transfection efficiency with immortalized cells and to remodel
GBA-PD pathogenic events in dopaminergic system invitro, SH-SY5Y cells were
transfected prior to differentiation and using xtreme GENE HP DNA transfection
reagent according to the method illustrated in (section 2.1.4). Positive GBA
L444P colonies (Figure 0.13) were then harvested, cultured individually and
analyzed for the presence of GBA by mRNA analysis (cells and data generated
by David Chau and Dr Gegg, Dept. Clinical and Movement Neurosciences, ION).
GBA O/E colonies were selected with similar GBA mRNA levels and two clones,
over expressing WT GBA (clone #4) and L444P (clone #3), were selected
established for differentiation. Other clones (WT#3, WT#5 and L444P# 5) were
excluded as they died when I started to differentiate them. In addition, despite the
complex neuronal morphology of some L444P clones (clone # 6 and 8), their
mRNA levels were lower than that of clone L444P #3 and they were therefore not
included in my project (Figure 0.13). Therefore, I subsequently chose to
characterize clone #4 for WT and clone #3 of L444P SH-SY5Y cells for
downstream analysis such as assessing ER stress and UPR.
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Figure 0.13 Representative photomicrographs of different differentiated SHSY5Y
clones (parental, cells O/E WT and L444P GBA). (A): Differentiating normal parental
SH-SY5Y line. (B, C, D): Different clones (#3, 4 and 5) of differentiating SH-SY5Y
overexpressing WTGBA. (E, F, G, H): Different clones (#3, 5, 6 and 8) of differentiating
SHSY5Y overexpressing L444P GBA. All pictures were taken on 10DIV.
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Western blot analysis confirmed the increased expression of endogenous GCase
in differentiated parental SH-SY5Y cells against undifferentiated control cells
(undiff=0.2180.012, diff=0.3420.086, p=0.835) which was similar to previously
shown data (Figure 0.5). Furthermore, this observation was incorporated with a
non-significant increase in GCase activity in differentiated normal cells when
compared to control (undiff =1.600.253 nmol/hr/µg, diff=2.251.30 nmol/hr/µg,
p=0.835, n=3). On the other hand, overexpression of WT GBA protein has
profoundly increased relative GCase protein level and activity in undifferentiated
cells (GCase protein level=1.0130.092, **p=0.006, GCase activity=5.160.360,
****p<0.0001, n=3), (Figure 0.14, A and B). However, upon differentiating this
line, both parameters were markedly decreased as reflected by drop in total
protein level and lysosomal enzyme activity (GCase=0.3420.086, *p=0.021,
enzyme activity=2.0430.005nmol/hr/µg, ****p<0.0001, n=3). We also detected
that the UPR-inducer, GRP78/BiP, is not significantly altered when the
overexpressing cells were differentiated, (BiP: undiff normal SH-SY5Y
=0.0390.011; undiff O/E WT GBA= 0.02010.063, p=0.412; diff O/E WT GBA
=0.1470.022, p=0.994), (Figure 0.14, D). More importantly, BiP level was
significantly upregulated both in un- and differentiated SH-SY5Y O/E L444P GBA
versus differentiated normal SH-SY5Y (BiP: diff normal SH-SY5Y =0.1040.034;
undiff O/E L444P= 0.5790.102, ***p=0.0009; diff O/E L444P =0.4870.064,
**p=0.0038). BiP induction was also found higher in these cells as compared to
those overexpressing WT GBA (diff O/E WT GBA =0.14690.022; diff O/E L444P
=0.4870.064, **p=0.0047, n=3). As a further support to this finding and the
validity of the model (O/E L444P mutation), the upregulated BiP level was
coupled to a slight but nonsignificant reduction in GCase protein level against
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their respective undifferentiated group (undiff O/E L444P=1.006 0214; diff O/E
L444P =0.585 0.145,**p=0.301) which might indicate that the reduction in
protein level was L444P mutation-dependent and resulting from ER retention of
mutant enzyme despite the nearly comparable GCase activities within all
differentiated SH-SY5Y lines (GCase activity: diff normal cells=2.250.130; diff
O/E WT=2.043 0.005; diff O/E L444P =2.990.157, p>0.05, n=3), (Figure
0.14,C). The lack of significant alteration in the activities of other lysosomal
hydrolases, namely β-hexosaminidase and β-galactosidase, in differentiated SHSY5Y O/E L444P GBA were also suggestive that our findings were specific to
L444P mutation. Furthermore, β-galactosidase activity was only found
significantly increased in differentiated normal and O/E WT GBA when compared
to their respective undifferentiated group. By incorporating this finding with the
slight increase in β-hexosaminidase activities in these cells, once again, it was
indicative of increased lysosomal mass with differentiation (β-gal in nmol/min/µg;
undiff normal=0.046±0.002, diff normal=0.068±0.001, **p=0.009; undiff O/E
WT=0.034±0.005, diff O/E WT=0.052±0.0007, *p=0.033), (Figure 0.15).
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Figure 0.14 Evidence of UPR in differentiated SH-SY5Y O/E and O/E L444P GBA. (A):
Representative WB images showing BiP and GBA protein expression in differentiated
SH-SY5Y normal, O/E WT GBA and O/E L444P GBA, (β actin was used as loading
control and n=3). (B, C): Bar chart quantifying GCase activity and protein level
normalized to β actin; it shows nonsignificant increase in both parameters when
normal SH-SY5Y is differentiated and compared to control (GCase protein in
undiff=0.2180.012;

diff=0.3420.086,

p=0.835;

enzymatic

activity

in

undiff

=1.600.253; diff=2.251.30, p=0.835,). Overexpressed WT GBA results in markedly
increase

GCase

amount

and

activity

in

undifferentiated

line

(GCase

undiff=1.0130.092, **p=0.006, activity=5.160.360 nmol/hr/µg, ****p<0.0001, n=3).
Upon differentiation, both protein amount and activity were markedly decreased
(GCase=0.3420.086, *p=0.021, enzyme activity=2.0430.005nmol/hr/µg, ****p<0.0001,
n=3). On the contrary, differentiated cells O/E L444P showed nonsignificant reduction
in GCase protein level against their respective undifferentiated group (undiff O/E
L444P=1.006 0214; diff O/E L444P =0.585 0.145, **p=0.301). (C): The reduced GCase
level was coupled to significant upregulation of ER resident chaperon BiP in diff SHSY5Y O/E L444P (BiP: diff normal=0.1040.034; undiff O/E L444P=0.5790.102,
***p=0.0009; diff O/E L444P=0.4870.064, **p=0.0038). BiP induction was also
increased in L444P differentiated cells when compared to those overexpressing WT
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GBA (diff O/E WT GBA =0.14690.022; diff O/E L444P =0.4870.064, **p=0.0047, n=3).
Data represent the mean density of target proteins expressed against the density of
the housekeeping protein (β actin) and derived from three independent SH-SY5Y
cultures ± SEM.

Figure 0.15 Analysis of β-hexosaminidase and β-galactosidase activities in
differentiated SH-SY5Y cell models O/E WT and L444P GBA. (A): Bar charts
summarizing β-hexosaminidase measured in nmol of product/min/µg protein showing
a nonsignificant trend of increased activity following (RA+BDNF differentiation) of all
SH-SY5Y cell lines against their corresponding undifferentiated groups (undiff
normal=0.191±0.015, diff normal=0.262±0.015, p=0.286; undiff O/E WT=0.182±0.025,
diff O/E

WT=0.237±0.031, p=0.602; undiff O/E

L444P=0.207±0.021, diff O/E

L444P=0.236±0.016, p=0.984). (B): Bar charts summarizing β-galactosidase measured
in nmol of product/min/µg protein showing significant increased activity following
differentiation of both normal SH-SY5Y and those O/E WT GBA compared to control
groups together with a nonsignificant subtle increase in activity in differentiated cells
O/E L444P (undiff normal=0.046±0.002, diff normal=0.068±0.001, **p=0.009; undiff O/E
WT=0.34±0.005, diff O/E WT=0.052±0.001, *p=0.033; undiff O/E L444P=0.044±0.006, diff
O/E L444P=0.058±0.004, p=0.128), each bar represents mean of enzymatic activity
from 3 independent SH-SY5Y cultures ± SEM, (n=3).
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5.6. Discussion
This chapter investigates the intracellular processing and the release of
protopathic A-SYN species using differentiated dopaminergic cells. Utilizing SHSY5Y cells that were fully differentiated into neurons has also provided us a valid
invitro system to explore the relationship between ER stress and L444P mutant
GCase in dopaminergic cells. Although modelling SH-SY5Y cells is a common
practice, there are still some controversy that the desired differentiation
phenotype could recapitulate PD pathogenesis. However, we show in our work
that, in addition to exhibiting dopaminergic phenotype, differentiated SH-SY5Y
cells could reproduce the same pathological hallmark of PD pathology and act as
proof of principal for further in vitro studies of iPCs.
The putative bidirectional link between GCase deficiency and ASYN
dysmetabolism, involving impaired lysosomal function and the formation of
proteinaceous A-SYN laden inclusions, has been previously linked to PD
conferred by GBA mutations (Mazzulli et al., 2011). However, and with the
implication of both genetic and pharmacological manipulation together with PFFs
seeding-based approaches, we noticed that even the persistent profound loss of
GCase activity was insufficient to induced de novo A-SYN pathology; we
observed that 10µM CBE exposure for 10 days’ time window did not accumulate
insoluble monomeric A-SYN or HMW species in differentiated SH-SY5Y. In
accordance with our finding, (Dermentzaki et al., 2013, Cullen et al., 2011, Gegg
et al., 2020, Henderson et al., 2020) reported that in differentiated SH- SY5Y
cells, HEK293 cells and neurons treated with CBE alone, there was no significant
alteration observed in A-SYN level or any impaired clearance of oligomeric ASYN species. On the contrary, it was previously reported that insoluble A-SYN
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accumulates in differentiated SH-SY5Y cells treated with 50µM CBE for 48hrs
(Manning-Bog et al., 2009). Moreover, several other studies have reported
significant A-SYN accumulation, S129 phosphorylation and the appearance of
insoluble HMW species, both in differentiated SH-SY5Y and other cellular models
like HEK293, MCN and immortalized normal or A-SYN overexpressing SH-SY5Y
cells. In these studies, cell cultures were incubated with various higher doses with
longer time exposure to CBE which, in some reports, lasted up to 30 days
(Cleeter et al., 2013, Yiğit et al., 2018, Magalhaes et al., 2016, Rocha et al.,
2015b, Manning-Bog et al., 2009, Henderson et al., 2020). In addition, A-SYN
pathology was enhanced after introducing a non-sense mutation into
differentiated SH-SY5Y cells leading to total loss of GCase activity (Bae et al.,
2015). These discrepancies could be related to large doses of CBE used to
irreversibly inhibit GCase activity by 98%. However, this can jeopardize cell life
and reduces viability as indicated by reduced neuronal markers in primary
hippocampal neurons in Henderson et al work (Henderson et al., 2020). With the
evidence of different disease phenotype following CBE exposure, it is likely that
the defective GCase activity in our study was not enough to impair lysosomal
function or induce LB pathology over the 10-days’ time period. We therefore
proposed that perhaps prolonged cell exposure to higher CBE doses or
augmented synuclein load in GCase inhibited cultures is needed to act
synergistically to induce pathology. In fact, perturbed A-SYN clearance in MCN
and differentiated SH-SY5Y, both via pharmacological and genetic methods, was
found to not only induce accumulation of insoluble A-SYN, but also increased
exocytosis and transmission of A-SYN to promote toxicity of neighboring neurons
(Magalhaes et al., 2016, Lee et al., 2013). Nevertheless, how GBA mutations can
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cause lysosomal dysfunction is not clearly understood but it was previously
shown that differentiated SH-SY5Y cells with C-terminal truncation of GCase but
intact GCase activity show normal lysosomal function (Bae et al., 2015). It is
possible that the loss of function mechanism would result in substrate
accumulation and changes in membrane lipid composition (Migdalska-Richards
and Schapira, 2016, Magalhaes et al., 2016).
In our model, when cultures were loaded with PFFs, the intracellular A-SYN
significantly increased as insoluble fractions which were phosphorylated at
Ser129. This was coincident with the appearance of A-SYN positive insoluble
HMW species in cells. Similarly, differentiated SH-SY5Y, seeded with PFFs and
co-treated with CBE, resulted in significant accumulation of insoluble monomeric
and HMW species of A-SYN inside the cells. However, there was no significant
difference in insoluble monomeric or Ser129 phospho A-SYN levels between
PFFs and PFFs+CBE groups under the 10 days window and may be longer time
scale is needed to exacerbate the present pathology. The induced pathology in
differentiated SH-SY5Y treated with PFFs±CBE was similar to our previous
findings on MCN treated cultured cells with preformed fibrils (PFFs) in the
background of heterozygous L444P mutation, (see 172).
With the given evidence that duplications and triplications of the SNCA gene are
the causes of autosomal dominant PD (Polymeropoulos et al., 1997), we sought
to shed light on the effect of high expression of WT A-SYN on differentiated SHSY5Y neurons (C2O5) and its possible additive effect in promoting cell toxicity
and A-SYN accumulation. It was previously reported that the rate of A-SYN
phosphorylation and toxicity has been markedly enhanced in undifferentiated
C2O5 following proteasomal inhibition and oxidative stress (Chau et al., 2009).
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We found that, despite high A-SYN expression levels in these cells, the
intracellular TX-100 soluble monomeric HA-A-SYN was not significantly altered
between the control and other experimental groups. In accordance with our
results, previous induction of human WT ASYN in differentiated SH-SY5Y
resulted in accumulated soluble ASYN oligomers, but not aggregates (Vekrellis
et al., 2009). We also found that, following CBE treatment, there was no
increased insoluble A-SYN detected in differentiated C2O5 cells. It is possible
that propensity of ASYN to aggregate was not related to GCase inhibition and
thus without adding an additional stress, CBE alone doesn’t affect the
endogenous A-SYN solubility in the presented time scale. However, other groups
have previously reported that overexpressed A-SYN caused accumulation and
secretion of insoluble aggregates in differentiated SH-SY5Y cells with genetically
induced mutant or inhibited GCase but not in those with intact GCase activity,
(Bae et al., 2015, Manning-Bog et al., 2009). In addition, we found that following
PFFs loading, differentiated C2O5 cells started to slightly accumulate insoluble
A-SYN and 30-50kDa HMW species. This effect was detected under PFFs
treatment alone or when combined with CBE indicated that PFFs treatment was
enough to induce accumulation of insoluble A-SYN regardless of GCase
inhibition. Also, the profound production of A-SYN in C2O5 cells compared to
normal differentiated lines would possibly add more A-SYN toxicity and potentiate
aggregation particularly with PFFs seeding approach. According to these
findings, the previous suggestion of ‘‘double-hit’’ hypothesis of needed
aggravating factor, such as chronic exposure to toxins with genetic background,
should be considered in order to reproduce PD pathology (Martella et al., 2016,
Lopes et al., 2017a).
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Having said that exocytosis is enhanced following PFFs seeds are internalized to
cells (Kim et al., 2019), we looked at the release of A-SYN, both monomeric and
fibrils, into conditional media of differentiated normal and A-SYN overexpressing
SH-SY5Y cells (C2O5). The basal level of monomeric A-SYN secretion was 260
times higher in C2O5 than that of normal cells. Furthermore, inhibiting GCase
activity in either of these SH-SY5Y lines did not induce further release of
monomeric A-SYN. However, PFFs treatment, either alone or combined with
CBE, induced significant exocytosis of monomeric A-SYN from differentiated
normal SH-SY5Y cells and released 2.5 times more monomeric A-SYN from
differentiated C2O5 than parental SH-SY5Y. In line with these findings,
differentiated SH-SY5Y cells O/E WT A-SYN and treated with 3-MA, an inhibitor
of autophagy, showed increased intracellular levels of insoluble aggregates and
enhanced secretion of monomeric A-SYN (Lee et al., 2013). Also, induced
exocytosis of both monomeric and exosome aggregated forms of A-SYN either
constitutively (Emmanouilidou et al., 2010) or secondary in response to
lysosomal, proteasomal and mitochondrial dysfunction was reported in
differentiated SH-SY5Y cells O/E WT SNCA (Lee et al., 2005, Jang et al., 2010).
These findings collectively indicated that the release of monomeric species from
C2O5 cells is dependent on the total intracellular A-SYN level and not on GCase
functional loss and is further exacerbated by PFFs treatment. We also assessed
the release synuclein fibrils into culture media of both differentiated cell types and
found that differentiated normal SH-SY5Y treated with both PFFs and CBE
released more A-SYN fibrils. Despite that, the amount of released A-SYN fibril
was 2 times higher in C2O5 than parental normal cells. To further support our
findings, recent study in our laboratory showed that PFFs but not monomeric A-
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SYN treatment of both primary neuronal cultures and differentiated SH-SY5Y
cells promoted spread of insoluble A-SYN species (Gegg et al., 2020). However,
we could not estimate, in our study, if the released A-SYN fibrils were free or
inside exosomes and therefore looked at ALIX as a marker of this extracellular
vesicles by using dot blot analysis. In both differentiated SH-SY5Y models, ALIX
data were similar under all experimental conditions suggesting no change in the
number of exosomes released and it was not further affected by GCase inhibition.
However, both differentiated cell types were treated originally with the same
amount of PFFs (5µg/ml) but the release of fibrils and exosomes was so much
more in C2O5 cells under all conditions. This finding suggests that it is possibly
the increased seeding inside C2O5 cells due to high intracellular A-SYN levels
converts A-SYN to fibrils and so results in more fibrils and ALIX being released.
Impaired autophagy in response to ATG5 knockdown in LUHMES neurons O/E
A-SYN has been compensated by the increased exosomal secretion of A-SYN
aggregates to cope with excess A-SYN in cells. It was also found that inhibiting
the exoxsomal release by sphingomyelinase inhibitor (GW4869), has protected
cells against A-SYN induced toxicity (Fussi et al., 2018).
Generally, and even with similar ALIX data we obtained here, the possibility of
more A-SYN fibrils could be present in each exosome is not to be excluded.
Future experiment such as exosomes isolation is needed to investigate the
manner of fibrillar A-SYN release and whether these fibrils are more packed in
membrane vesicles or being freely exported from cells. Also, the use of exosomal
inhibitors such as GW4689, which block exosomal release and the subsequent
spread of A-SYN fibrils, might indicated the amount of synuclein fibrils inside
exosomes.
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In addition to being exported by tightly regulated cellular pathways, A-SYN
aggregated species can be released as a result of cell death (Karpowicz et al.,
2019). Additionally, in vitro and in vivo PFFs seeding is known to result in rapid
formation of LB inclusions that ultimately leads to cell death (Grassi et al., 2018,
Karpowicz et al., 2019, Luk et al., 2009). We therefore examined if PFFs- induced
pathological burden results in cell toxicity and loss in differentiated SH-SY5Y
cultures. Our results showed that culturing cells in which PFFs were seeded for
as long as 10 days had no obvious impact on cell viability regardless of
pharmacological GCase inhibition as judged by CBT assay. It was previously
reported by (Vekrellis et al., 2009) in which differentiated SH-SY5Y expressing
WT ASYN, and not normal parental cells, exhibited evident of caspase dependent
non-apoptotic

cellular

death

6

days

after

RA-treatment

and

ASYN

overexpression. Also, the neuronal loss observed in Luk et al. work did not differ
between PFFs treated and untreated control group at 7 and 9 DIV, but started to
appear at 12 DIV (Luk et al., 2009). This might be indicting that the gradual
cellular degeneration could be either proportional to the background A-SYN
expression in differentiated SH-SY5Y cells or dependent on the doses and time
of PFFs exposure in primary hippocampal culture. These observations
collectively added to the attractive features of the differentiated SH-SY5Y model
we used. Differentiating immortalized GBA−/− cortical neuron cultures with 10 μM
of RA for 6 days did not result in either endogenous A-SYN protein accumulation
or toxicity (Westbroek et al., 2016). Also, the released A-SYN species from cells
was not due cell membrane leakage from dead cells as the cell viability assay
showed no evidence of cell death in our model.
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A-SYN pathology in both differentiated SH-SY5Y lines, challenged with PFFs
shows that an additional stress made by PFFs, either alone or combined with
CBE, is enough to promote A-SYN becoming insoluble and aggregated (Table
0.2). However, for further deciphering the early process of LBs formation and with
the given evidence that both gain of function and loss of function mechanisms
are implicated in A-SYN dysmetabolism (Migdalska-Richards and Schapira,
2016), previous work confirmed retained GCase in ER of undifferentiated SHSY5Y cells O/E L444P GBA (Li et al., 2019). More recently, BiP expression was
found upregulated following PFFs treatment of differentiated SH-SY5Y cells and
thus accounting for the concomitant reduction in GCase level in these cells (Gegg
et al., 2020). Previous investigation of ER stress in wt/L444P fibroblast and
mouse cortical neuronal models supported the lack of ER stress and UPR despite
the evidence of ER trapping of mutant enzyme in fibroblasts. The same findings
were encountered in adult mice brain even with subtle alteration in A-SYN level
in midbrain of 8-month aged mice (section4.5.6).
In this perspective and based on above results, we sought to establish
differentiated SH-SY5Y cells that are stably overexpressing both WT and L444P
GBA in order to confirm the phenomena of ER stress and UPR that lead to
downstream cellular toxicity. We found that BiP level decreased in both normal
and differentiated O/E WT GBA but was significantly upregulated in cells
overexpressing L444P GBA. Therefore, UPR following induction of mutation
accounted for the reduced GCase level due to impaired trafficking of retained
mutant enzyme to the lysosome and thus supporting the toxic gain of function
effect of L444P mutation, (Figure 0.14). Previous published studies investigating
UPR and ER stress in differentiated neuronal model and in relation to GBA-PD
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are illustrated in (Table 0.3). In summary, L444P differentiated SH-SY5Y line
exhibited ER stress and induced UPR phenotype as marked by upregulation of
BiP level.

Table 0.3 summary of published studies investigating ER stress and UPR in PD in vitro
models
Study
(Schondorf et al., 2014)

Disease model
differentiated from iPS derived from PD patients with
L444P GBA mutations

ER Stress and UPR phenotype
Increased release of calcium
from the ER

(Schondorf et al., 2018)

differentiated from iPS derived from PD patients with
N370S GBA mutations and isogenic GBA KO neurons

increased BiP and RNA levels of
spliced X-box-binding protein-1
(XBP1s) in GBA-PD neurons
compared to isogenic GBA KO
neurons (activation of the IRE1
related branch of ER stress)

(Fernandes et al., 2016)

differentiated from iPS derived from PD patients with
N370S GBA mutations

increased
expression
of
chaperones associated with the
UPR, including BiP and calnexin,
activation of the IRE arm of the
UPR

(Gegg et al., 2020)

differentiated SH-SY5Y cells treated with pathological
PFFs seeds

activation of BiP and the UPR
following PFF treatment

(Bellucci et al., 2011)

dopaminergic differentiated SH-SY5Y cells subjected
to glucose depletion (GD)

GRP78/BiP
expression
significantly increased in glucosedeprived cells
10-fold increase in IRE1a mRNA
levels
and
the
spliced
XBP1isoform

(Heman-Ackah
2017)

et

al.,

iPS derived neurons with SNCA triplication
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5.7. Conclusion
PFFs -seeded differentiated SH-SY5Y can be used as a future powerful platform
to recapitulate all the stages of LBs formation and maturation including
aggregation, hyperphosphorylation and extracellular release of synuclein in
spaciotemporal manner.
Overexpressing L444P in SH-SY5Y cells differentiated into 100% dopaminergic
neurons represent a useful and promising experimental paradigm. This supports
our proposed hypothesis that; heterozygous L444P mutation is implicated in the
pathophysiology of PD through induction of UPR and ER stress which may
consequently lead to impairment of A-SYN metabolism, the pathological hallmark
in PD. Differentiated SH-SY5Y model could be used as a future valid tool to
distinguish the toxic gain of function effect in heterozygous L444P mutation from
the total loss of GCase enzyme activity on A-SYN metabolism. This could be the
second hit required for more A-SYN toxicity following PFFs treatment.
Additionally, it can be useful for exploring the role of not only heterozygous L444P
but other GBA mutations-linked risk through investigating impaired protein
degradation machineries and mitochondrial dysfunction with their potentiality to
induce neuronal cells and glial vulnerability and death. The evidence of UPR
activation by L444P GBA in dopaminergic cells, but not fibroblasts or cortical
MCN, suggests the cellular environment among cells that can affect GBA-gain of
function. It might also explain why some neuronal populations in the brain are
more susceptible to neurodegeneration than others.
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6.Concluding Discussion
The main findings from studying wt/L444P GBA mutations in three cell models
were:
1. Limited evidence of lysosomal dysfunction and altered A-SYN metabolism
under basal conditions.
2. The use of preformed fibrils Induced perturbed A-SYN metabolism in GCase
deficient cells.
3. There was a notable activation of UPR in dopamine containing wt/L444P
neuronal models but not in cortical neurons or fibroblasts cell models.
The lack of SNpc phenotypic determinants in the MCN and SH-SY5Y cellular
models we utilized made it challenging to recapitulate all aspects of PD
pathogenesis in these models. Even with GBA-associated higher risk of PD, the
selective vulnerability of defined brain regions does not only depend on their
expression of wild type or mutation alone (Surmeier et al., 2017, Burbulla and
Krainc, 2019). Also, the minority of asymptomatic carriers converts to PD in their
lifetime (Avenali et al., 2020, Sidransky and Lopez, 2012, Migdalska-Richards
and Schapira, 2016) which adds to the controversy regarding PD with GBA
mutations and their phenotypic correlation. In fact, advanced ageing still being
the commonest risk factor for PD (Reeve et al., 2014), and recent studies
suggested that 5% of heterozygous GBA mutation carriers gets PD at the age of
sixties rising to 15–30% at age eighties. Also, GBA mutation prevalence is
estimated to be between 2.35% and 9.4% in the PD population, but climbing up
to 31.3% in the PD Ashkenazi Jewish populations (Schapira, 2015, Balestrino
and Schapira, 2018, Avenali et al., 2020, Sidransky and Hart, 2012, Anheim et
al., 2012). Various recent reviews have focused on the potential role of ageing in
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the selective vulnerability of SNpc dopaminergic neurons in PD (Zucca et al.,
2017, Reeve et al., 2014). Thus, it is likely that an additional factor besides GBA
mutation, such as age, genetic, epigenetic and environmental events, are needed
to derive PD pathogenesis (van Heesbeen and Smidt, 2019, Avenali et al., 2020).
Also, with advancing age, many defects accumulate and diminishes the capacity
of SNpc DA neurons to successfully cope with stress hence they become
vulnerable to the additional insults such as mitochondrial deficiencies, toxic ASYN species proteostatic dysfunction and telomere shortening (Reeve et al.,
2014). We therefore in this project induced aggregating of A-SYN in disease
models by seeding cells with PFFs (see page 172 and 224). This was done to
trigger a cascade of stressors in MCN and differentiated SH-SY5Y dopaminergic
neurons and thus approaching the pathological spectrum of PD. we found that
seeding these cells with PFFs resulted increased trend for insoluble
phosphorylated A-SYN. Accumulating evidences have collectively indicated that
the scheme proposed by Braak et al study (Braak et al., 2003) although
impressive, it was not fully dictating the extent and sequence of LBs deposition
in susceptible brain regions nor correlating it with neuronal loss. In fact, using
assessment of Lewy pathology (LP) alone is not considered as a suitable
diagnostic criterion in PD (Surmeier et al., 2017).
It is reported that in preclinical stages of PD, LP appears first in either the olfactory
bulb or the dorsal motor nucleus of the vagus (DMV) then preferentially
retrogradely spreads from these two regions via synaptically connection to reach
the SNpc. LP spreads to SN initiates neuronal loss and symptoms onset then
finally reaches the forebrain by the end-stage of PD (Surmeier, 2018, Surmeier
et al., 2017, Sulzer and Surmeier, 2013, Brettschneider et al., 2015). Quantitative
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pathology mapping and network modelling in mouse brain showed that A-SYN
pathology pattern of spread is based on the anatomical connectivity of brain
regions and the endogenous A-SYN expression (Henderson et al., 2019).
In addition, Math2+ hippocampal neurons were reported to be significantly
affected and lost due to PFFs-induced toxicity, in both in vivo and invitro models
of synucleinopathies (Luna et al., 2018). The observed toxicity was dependent
on the endogenous A-SYN expression. This observation strongly correlated with
selective vulnerability of hippocampal neuron subtypes of which Math2+ neurons
contained the highest amount.
Recent study by our group showed that PFFs treatment of MCN and differentiated
SH-SY5Y neurons inhibited lysosomal GCase activity (Gegg et al., 2020). This
was coincident with increased extracellular release and spread of pathogenic ASYN fibrils. This spread, if present in vivo, could result in a greater propagation
of LP in GBA-PD brains (Gegg et al., 2020). The increased spread from GBA
mutants’ models might as well explain earlier age of onset and cognitive decline
in GBA-PD. With the evidence that mutation severity can influence PD phenotype
profoundly, severe mutations like L444P account for 2- to 3-fold higher risk for
developing PDD and DLB than milder mutations (Walker et al., 2019, Avenali et
al., 2020, Cilia et al., 2016). In addition, PFFs treated models can be utilized to
investigate the propagation of A-SYN via gut-brain axis supporting Braak theory.
Recent study by (Kim et al., 2019) reported that PFFs injected into mouse
duodenal and pyloric muscularis layer resulted in a spread of pathological A-SYN
species in brain regions in a special and temporal manners starting from DMV,
the locus coeruleus, and finally reaching SNpc. The spread of A-SYN
histopathology to the midbrain was also reported in aged mice in a recent work
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by Challis et al. group. In this study, they tested gut-to-brain progression of ASYN by inoculating the duodenal wall of mice. They also found that overexpressing GCase could reduce the A-SYN pathology spread in gut (Challis et
al., 2020).
An additional PD associated insult, such as inhibition of mitochondrial complex 1
by rotenone and/or induction of other mitochondrial stress to deplete mtDNA,
might be considered as future work.
PFFs treatment could be useful to bring MCN and SH-SY5Y models phenotypical
closer to vulnerable SNpc neurons and hence used as screening tool for future
GBA drugs (e.g. Ambroxol). One major obstacle in PD treatment is to consider a
specific therapeutic pathway capable of reducing aggregates in human neuronal
model systems. During the initial phases of GBA-PD, patients show good
response to L-Dopa. However, the disease progress is more rapid than that in
iPD. In addition to the negative impact of cognitive decline on life of PD and PDD
patients; it adds significant burden to patients, care providers and health care
systems. To address this, Ambroxol chaperone use in PFFs-seeded cell neuronal
models, not only helps to refold GCase and increase GCase levels, but to also
limit A-SYN spread. Therefore, it could highlight a future potential therapy for
slowing neurodegenerative process. Twelve days treatment of oral Ambroxol was
reported to increase GCase activity in the brainstem, midbrain, cortex, and
striatum of wild-type as well as wt/L444P transgenic mice (Migdalska-Richards et
al., 2016). As A-SYN expression level in different neuronal populations is
considered as the primary determinant of its prion-like seeding (Courte et al.,
2020), ambroxol treatment reduced A-SYN levels in the brainstem and striatum
of transgenic mice overexpressing human SNCA when compared to untreated
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mice (Migdalska-Richards et al., 2016). These observations support the
potentiality of ambroxol as a neuroprotective compound and concur with the
outcome of recent single-center open-label clinical trial aimed at 17 PD patients
with and without GBA mutations (Mullin et al., 2020). In addition to being safe and
tolerable drug, this study showed that ambroxol can cross the blood brain barrier,
bind to GCase and modulate its activity in CSF during 186 days of escalating
exposure period. Increased A-SYN and GCase levels in CSF were also reported
in all participants in this work which could be interpreted as an enhanced
extracellular transport of A-SYN from brain parenchyma.
Despite the emerging evidence showing the pivotal role ER stress in the
pathobiology of PD, few studies have analyzed the link between ER stress and
the pathogenesis of GBA-PD using dopaminergic neuron (Gegg et al., 2020,
Fernandes et al., 2016). Impaired trafficking of GCase from ER to the lysosome
has been reported in human midbrain differentiated neurons with triplication of
the SNCA gene (Mazzulli et al., 2016). Also, treatment of primary neuronal culture
with PFFs resulted in recruitment of endogenous A-SYN and its conversion into
fibrillar phosphorylated A-SYN aggregates (Grassi et al., 2018). It was also
observed in the same study that phosphorylated A-SYN colocalizes with BiP, the
master regulator of UPR. Similarly, we reported induced UPR and ER stress in
differentiated SH-SY5Y dopaminergic neurons over expressing L444PGBA
(section 5.5.7). More importantly, the lack of UPR and ER stress in our wt/L444P
fibroblast and MCN models (page117 and 198) highlights the apparent
susceptibility of differentiated SH-SY5Y cells to L444P mutation insult, relative to
other models in our project. In addition, differentiated SH-SY5Y model has an
advantage of being 100% dopaminergic whereas iPSc derived-neuronal cultures,
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although attractive model, yield only 20– 30% of TH-positive cells (Hartfield et al.,
2014, Schondorf et al., 2014). However, it remains unexplained why certain group
of neurons such as DMV is relatively resistant and could tolerate LP for years
while A9 neurons of SNpc do not. Furthermore, DAergic neuronal loss in some
brain regions is not necessarily mirrored by LP and can follow a different pattern
of distribution (Surmeier et al., 2017). Regions like ventral tier of SNpc show 1020% of cells loss in the initial presymptomatic stage (Braak stage I and II) even
without LP (Damier et al., 1999). Thus, neurons that die prematurely in PD or
manifest LP must share distinguishing features that make them vulnerable cells.
Mapping strategies of brain connectome to track the spread of LP through
synaptic connections did not detect LP in brain regions strongly innervating the
two hotspots in PD, SN and Locus Coeruleus (LC) (Watabe-Uchida et al., 2012).
This was suggestive that the selectivity of retrograde spread of LBs and cell loss
from the initial seeding sites to other brain regions should have other
determinants in addition to spread through brain connectome (Surmeier et al.,
2017, Surmeier, 2018). One of the most important features of A9 DA neurons of
SNpc is that they have long and highly branched, unmyelinated axons with
extraordinary numbers of neurotransmitters release sites. However, the basal
mitochondrial stress and ROS production increases in DAergic neurons due to
increased oxidative phosphorylation with the absence of ATP demands. This
would eventually predispose cells to insult such as genetic mutations and toxins
exposure due to compromised mitochondrial function (Sulzer and Surmeier,
2013, Surmeier, 2018, Surmeier et al., 2017, Pacelli et al., 2015, Guzman et al.,
2010, Votyakova and Reynolds, 2001). In addition to mitochondrial stress, the
large neuronal arborization is associated with elevated level of A-SYN as a
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synaptic protein which augment the potentiality of LP (Surmeier, 2018). Another
trait of DAergic neuron of SNpc is their distinctive physiology by which they are
characterized by a slow and broad action potential (Surmeier et al., 2012). This
feature is associated with intracellular slow Ca2 oscillation generated by Ca2
driven to cell through plasma membrane channels or from intracellular ER stores
(Chan et al., 2007) and the presence of UPR and ER stress by GBA mutations
will exacerbate this further. This particular combination of autonomous pacemaking with the absence of excitatory synaptic input (Nedergaard et al., 1993,
Guzman et al., 2009), the broad and slow spikes of action potential and the low
intracellular calcium buffering act collectively as key determinants that render
SNpc neurons vulnerable cells and distinguish them from the majority of neurons
in the brain (Surmeier, 2018, Surmeier et al., 2017). Accordingly, other brain
regions such as cortical pyramidal neurons and AM neurons which are not
physiologically phenocopied from SNpc DAergic neurons are therefore
considerably resistant to LP and cell death in PD (Surmeier et al., 2017).
Dopamine is believed to be an additional accomplice in the distinct phenotype of
SNpc in PD (Burbulla and Krainc, 2019). Although a significant amount of
oxidative stress is generated producing reactive oxygen species within
mitochondria, SNpc neurons are believed to be under additional oxidative stress
due to the metabolism of dopamine within them (Burbulla et al., 2017). ROS
stress eventually leads to a decrease in ATP production and reduction in efficient
protein quality control which affect the functioning of neurons (Reeve et al., 2014,
Surmeier et al., 2017). This might explain why in experimental modelling of GBAPD, a combination of stress, in addition to GBA mutation is needed, to get
neuronal death and PD symptoms.
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