
ORIGINAL RESEARCH
published: 16 February 2018

doi: 10.3389/fnins.2018.00081

Frontiers in Neuroscience | www.frontiersin.org 1 February 2018 | Volume 12 | Article 81

Edited by:

Pascal Derkinderen,

Institut National de la Santé et de la

Recherche Médicale (INSERM),

France

Reviewed by:

Hugo Vicente Miranda,

CEDOC - Chronic Diseases Research

Center, Portugal

Luis M. A. Oliveira,

Columbia University, United States

*Correspondence:

M. Emdadul Haque

ehaque@uaeu.ac.ae

†
These authors have contributed

equally to this work.

Specialty section:

This article was submitted to

Neurodegeneration,

a section of the journal

Frontiers in Neuroscience

Received: 20 November 2017

Accepted: 01 February 2018

Published: 16 February 2018

Citation:

Abul Khair SB, Dhanushkodi NR,

Ardah MT, Chen W, Yang Y and

Haque ME (2018) Silencing of

Glucocerebrosidase Gene in

Drosophila Enhances the Aggregation

of Parkinson’s Disease Associated

α-Synuclein Mutant A53T and Affects

Locomotor Activity.

Front. Neurosci. 12:81.

doi: 10.3389/fnins.2018.00081

Silencing of Glucocerebrosidase
Gene in Drosophila Enhances the
Aggregation of Parkinson’s Disease
Associated α-Synuclein Mutant A53T
and Affects Locomotor Activity
Salema B. Abul Khair 1†, Nisha R. Dhanushkodi 1†, Mustafa T. Ardah 1, Wenfeng Chen 2,

Yufeng Yang 2 and M. Emdadul Haque 1*

1Department of Biochemistry, College of Medicine and Health Sciences, United Arab Emirates University, Al Ain, United Arab

Emirates, 2 Institute of Life Sciences, Fuzhou University, Fuzhou, China

Background:Mutations in glucocerebrosidase (GBA), a lysosomal enzyme are the most

common genetic risk factor for developing Parkinson’s disease (PD). We studied how

reduced GCase activity affects α-synuclein (α-syn) and its mutants (A30P and A53T)

aggregation, neurodegeneration, sleep and locomotor behavior in a fly model of PD.

Methods: We developed drosophila with GBA gene knockdown (RNAi) (with reduced

GCase activity) that simultaneously expresses either wildtype (WT) or mutants such as

A30P or A53T α-syn. Western blot and confocal microscopy were performed to study

the α-syn aggregation and neurodegeneration in these flies. We also studied the sleep

and locomotor activity of those flies using Drosophila activity monitor (DAM) system.

Results: Western blot analysis showed that GBA RNAi A53T α-syn flies (30 days

old) had an increased level of Triton insoluble synuclein (that corresponds to α-syn

aggregates) compared to corresponding A53T flies without GBA RNAi (control), while

mRNA expression of α-syn remained unchanged. Confocal imaging of whole brain

staining of 30 days old drosophila showed a statistically significant decrease in neuron

numbers in PPL1 cluster in flies expressing α-syn WT, A30P and A53T in the presence

GBA RNAi compared to corresponding control. Staining with conformation specific

antibody for α-syn aggregates showed an increased number of neurons staining for

α-syn aggregates in A53T fly brain with GBA RNAi compared to control A53T flies, thus

confirming our protein analysis finding that under decreased GBA enzyme activity, mutant

A53T aggregates more than the control A53T without GBA silencing. Sleep analysis

revealed decreased total activity in GBA silenced flies expressing mutant A53T compared

to both A53T control flies and GBA RNAi flies without synuclein expression.

Conclusion: In A53T flies with reduced GCase activity, there is increased α-syn

aggregation and dopamine (DA) neuronal loss. This study demonstrates that reduced

GCase activity both in the context of heterozygous GBA1 mutation associated with

PD and in old age, contribute to increased aggregation of mutant α-syn A53T and

exacerbates the phenotype in a fly model of PD.

Keywords: Parkinson’s disease, GBA, Drosophila, synuclein, neurodegeneration, sleep behavior

https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://www.frontiersin.org/journals/neuroscience#editorial-board
https://doi.org/10.3389/fnins.2018.00081
http://crossmark.crossref.org/dialog/?doi=10.3389/fnins.2018.00081&domain=pdf&date_stamp=2018-02-16
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/neuroscience#articles
https://creativecommons.org/licenses/by/4.0/
mailto:ehaque@uaeu.ac.ae
https://doi.org/10.3389/fnins.2018.00081
https://www.frontiersin.org/articles/10.3389/fnins.2018.00081/full
http://loop.frontiersin.org/people/174922/overview
http://loop.frontiersin.org/people/502298/overview
http://loop.frontiersin.org/people/153146/overview
http://loop.frontiersin.org/people/499520/overview
http://loop.frontiersin.org/people/509799/overview
http://loop.frontiersin.org/people/302631/overview


Abul Khair et al. GBA Silencing in Drosophila Modulates A53T α-Synuclein

INTRODUCTION

Parkinson’s disease (PD) is a chronic, progressive
neurodegenerative disorder typically characterized by the
loss of control of movement due to loss of dopaminergic (DA)
neurons in the substantia nigra pars-compacta (SNc) (Gibb
and Lees, 1991). PD brains shown lesions and intractyoplasmic
plaques composed mainly of α-synuclein (α-syn) aggregates.
α-syn is a presynaptic protein encoded by the gene SNCA,
mutations of which lead to formation of insoluble species of
the protein; which in its native state is monomeric and soluble.
α-Syn is also reported to exist as helically folded tetramer that
resist aggregation (Bartels et al., 2011). PD correlates with
the formation of insoluble fibrillar aggregates in the central
nervous system that contain α-syn (Braak and Braak, 2000).
The misfolding and aggregation of α-syn can be aggravated
by point mutations in the SNCA gene. A53T and A30P
mutations (mutations that cause autosomal dominant form of
PD; Polymeropoulos et al., 1997; Krüger et al., 1998) alter the
fibrillation characteristics of α-syn. These mutations including
others associated with familial PD (A30P, A53T, and E46K) have
an increased aggregation propensity in vitro, similar to in vivo
aggregation seen in fibrillar Lewy bodies (Conway et al., 2000a,b;
Greenbaum et al., 2005).

GBA encodes for β-glucocerebrosidase (GCase) enzyme;
a lysosomal enzyme that hydrolyzes the glycolipid
glucosylceramide (GlcCer). GBA mutations cause mild to
severe forms of Gaucher’s disease (GD), wherein due to low
enzymatic activity, there is a buildup of the substrate of GBA
enzyme, GlcCer in the organs. The association between GBA
mutations and PD was initially discovered clinically in patients
with PD, although noted rarely in patients with GD, showed
up more frequently in their relatives who were heterozygous
for the mutation (Goker-Alpan et al., 2004). Subsequent larger
studies confirmed patients with PD and associated Lewy
body disorders had an increased frequency of having GBA1
mutations (Sidransky, 2005). The frequency of GBA1 mutation
in PD patients is estimated to be between 5 and 10%, and
the penetrance and lifetime risk of developing PD for these
mutation carriers is estimated to be 20% at the age of 70 years
(Sidransky and Hart, 2012; Schapira, 2015). This association can
be due to mutations in GBA that promotes α-syn aggregation
or substrate accumulation due to loss-of-function of enzyme
activity, which affects α-syn processing and clearance. GBA
loss of function might thus cause substrate accumulation and
can affect the autophagy-lysosome pathway (ALP) (Sidransky
and Lopez, 2012). GBA mutation is known to cause a positive
feedback loop causing α-syn accumulation that further prevents
trafficking of GBA to lysosomes (Mazzulli et al., 2011). Inhibition
of GBA enzyme in mice and in in vitro model shows an

Abbreviations: GBA, β-glucocerebrosidase; PD, Parkinson’s disease; DAM,

Drosophila activity monitor; PPL1, posterior protocerebral lateral 1; DA,

Dopamine; SNc, Substantia nigra pars-compacta; α-syn, α-synuclein; GlcCer,

Glucosylceramide; GD, Gaucher’s disease; WT, Wildtype; dGBA1, drosophila

homolog of GBA1; PBS-T, Phosphate buffered saline-Tween20; LD, Light Dark;

TH, Tyrosine Hydroxylase; DLB, Lewybody associated dementia; iPSc, induced

pluripotent stem cells.

increased accumulation of α-syn and the lipids glucocerebroside
and glucosylsphingosine due to impaired lysosomal function
(Mazzulli et al., 2011). Studies addressing the pathological
mechanisms underlying GBA associated Parkinsonism will help
in designing treatment strategies for Parkinsonism in patients
with GBA1mutation. Current therapies like enzyme replacement
and substrate reduction therapy with the iminosugar miglustat
has little or no effect on the progression of Parkinsonism in
patients with GBA1 mutation (Kraoua et al., 2011). With the
advent of glucocerebrosidase for gene therapy and molecular
chaperones (that increase GCase activity) with beneficial effects
on induced pluripotent stem cells (iPSc) derived dopaminergic
neurons, the molecular mechanisms involved in the protective
role of GCase in α-syn toxicity still remains intriguing (Rocha
et al., 2015; Aflaki et al., 2016).

Decreased GCase activity has been reported in patients with
or without GBA (Murphy and Halliday, 2014; Murphy et al.,
2014; Aflaki et al., 2016) as there is an age-dependent reduction
in GCase activity that may lower the threshold to develop PD
in persons even in the absence of any genetic mutation in GBA
gene. Several in vitro and in vivo experimental evidences suggest
a correlation between this decreased activity and accumulation
of α-syn (Cullen et al., 2011; Mazzulli et al., 2011; Sardi et al.,
2011; Gegg et al., 2012). Reduced GCase activity is seen in
brain regions with α-syn accumulation, and, reduced leukocyte
GCase activity is linked to increased plasma levels of α-syn
oligomers (Gegg et al., 2012; Nuzhnyi et al., 2015; Barkhuizen
et al., 2016). Simultaneous mutations in both GBA and SNCA
gene has been shown to aggravate the PD phenotype in a
transgenic mice that harbors the GBA mutation (p.L444P) that
leads to 40% reduction in GCases enzyme activity when co-
expressed with the SNCA A53T mutation. It is also showed
exacerbated motor and gastrointestinal symptoms in comparison
to mice expressing only the A53T mutation (Fishbein et al.,
2014). It is shown that deletion of dGBA1b with reduced GCase
activity has an increased aggregation and neurodegeneration
per se, and α-syn expression did not enhance the phenotype
(Davis et al., 2016). While few studies in drosophila examined
the effect of reduced GCase activity on WT α-syn alone (Suzuki
et al., 2015), we were interested to explore the effect of GBA
silencing on the metabolism and toxicity of wildtype (WT), A30P
and A53T mutants of SNCA in drosophila. This was achieved
by silencing dGBA using RNAi construct, while simultaneously
expressing α-syn (WT/A30P/A53T) with GMR-Gal4 or TH-Gal4
drivers. The effect of GBA silencing on WT and mutant α-
syn metabolism and toxicity was studied by observing α-syn
aggregation and neurodegeneration (by means of western blot
and confocal microscopy), and behavioral consequences like fly
sleep and locomotor activity (using drosophila activity monitor
and negative geotaxis assay). Earlier study in drosophila, although
shown an increased α-syn mutant A53T aggregation during
GBA1b silencing, however, did not report on enhancement of
phenotypes like shortened life-span, climbing defects, sensitivity
of mechanical or heat stress of GBA1b mutants (Davis et al.,
2016). Our current study demonstrates that reduction of GCase
activity comparable to heterozygous GBA1 mutation associated
with PD contributes to increased aggregation of mutant α-syn
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A53T, causes enhanced DA neuronal loss and exacerbates the
motor as well as non-motor phenotypes in a fly model of PD.

MATERIALS AND METHODS

Fly Stock and Maintenance
The following fly stocks used in the experiment were obtained
from Bloomington Drosophila Stock Center: UAS-h[WT]αSyn
(8146), UAS-h[A30P]αSyn (8147), UAS-h[A53T]αSyn (8148),
GMR-Gal4 (8121), Th-Gal4 (8848) and Cyo;TM2/TM6b (3604).
The following transgenic flies for UAS-GBA-RNAi were obtained
from Vienna Drosophila Resource Center (VDRC): UAS-
dGBA1b (drosophila homolog of GBA1) -two clones 21337 and
101212, both targeting dGBA (CG31414). For targeted tissue
specific transgene expression, we used the UAS/Gal4 system
(Brand and Perrimon, 1993). GMR-Gal4 or TH-Gal4 driver lines
(Friggi-Grelin et al., 2003) were crossed with UAS-transgene flies,
to downregulate dGBA (using RNAi) and/or to overexpress WT
α-syn/A30P/A53T mutants. Flies were routinely kept at 25◦C
(unless specified) on cornmeal yeast agar medium using a 12 h
light and 12 h dark (LD) cycle. Male flies were used for all
experiments except for RT-PCR and GCase assay.

GCase Activity Assay
Fly heads with silenced dGBA under control of GMR-Gal4
or control fly were homogenized in 50mM phosphate buffer,
pH 7.0 with protease phosphatase inhibitor and centrifuged at
15,000 rpm, for 20min at 4◦C. Samples supernatant were then
collected in fresh tubes and BCA assay was performed for protein
quantification. On a 96 well plate, 20 µl of distilled water was
loaded to each well. Then 200 µl of distilled water was added to
one of these wells and to the other well 200 µl of calibrator from
the β-glucosidase assay kit (Abnova, Taiwan) was added following
the protocol provided in the kit. Twenty microliter of sample
containing equal amount of protein was loaded into other wells.
To the sample wells 200 µl working reagent was added, plate
was tapped briefly to mix. An initial reading was taken at 405 nm
(t = 0) and after 20min of incubation, final reading (t = 20) was
taken using a microplate reader (Victor X3 2030, Perkin Elmer).
Results were calculated as mentioned in the protocol provided by
the manufacturer and finally expressed as percentage of control
(GMR/GMR). Results are presented as Mean ± S.E.M of three
independent experiments.

RT-PCR
Total RNA was isolated from female fly heads at 0 and 30 days
using TRIzol (Life Technologies), followed by cDNA synthesis
using the GoSCRIPT reverses transcription system (Promega).
PCR was performed using the following primers specific for α-
syn, dGBA and RP49 in Veriti 96 well Thermal cycler (Applied
Biosystems):

α-syn forward: 5′- TGT AGG CTC CAA AAC CAA GG-3′

α-syn reverse: 5′- TGT CAG GAT CCA CAG GCA TA-3′

dGBA forward: 5′- GGT GAT TAG CTC CAG CAA GGA-3′

dGBA reverse: 5′- CAG CGC CCA TGA TTT TCA GAG-3′

RP49 forward: 5′- CCG CTT CAA GGG ACA GTA TC-3′

RP49 reverse: 5′-TCT CCT TGC TTC TTG GAG GA-3′

For densitometric analysis of RT-PCR for dGBA, values were
normalized with RP49. For statistical analysis and comparison of
GBA mRNA levels between α-syn species and its corresponding
dG2/dG2 α-syn were carried out considering α-syn as 100%
to derive the value of its corresponding dG2/dG2 α-syn.
Additionally, GBA mRNA in GMR/+ is taken as 100% to
calculate the value of dG2/dG2;GMR/+.

Climbing Assay
Startle induced climbing assay was performed according to a
previously described protocol (Feany and Bender, 2000). Ten
male flies were placed in graduated empty vials and allowed to
recover for 10min. Fly vials were then firmly tapped three times,
number of flies that crossed vertical movement of 6 cm in 10 s
calculated. This was repeated for five trials at 20 s intervals and
the climbing index represented as percentage of flies (the number
of flies crossed divided by total number of flies multiplied by
100). The mean index of five trials were calculated and presented
as Mean± S.E.M of three independent experiments. Decline in
climbing activity with age was calculated for old flies (20 and 30
day) in each genotype by normalizing with the climbing index of
0 day young flies in the corresponding genotype. For example,
decline in climbing Index at 20 day = climbing Index at 20
day/climbing index at 0 day X 100.

Immunoblotting
For whole head lysates, male fly heads were homogenized in
(5 µl per head) tissue lysis buffer (Sigma Aldrich) containing
protease/phosphatase inhibitor and EDTA 1mM. Samples were
then centrifuged at 6,000 rpm for 20min at 4◦C and supernatant
were collected in fresh tubes. Samples were then mixed with
5X reducing sample loading dye and boiled for 5min at
95◦C, cooled down, briefly spun and then separated on SDS-
PAGE gels (12%). For isolation of triton-soluble and insoluble
fractions, we followed the protocol as described earlier (Davis
et al., 2016). Fly heads were homogenized (5 µl per head)
in triton lysis buffer (50mM Tris-HCl, pH 7.4, 1% Triton
X-100, 150mM NaCl, and 1mM EDTA containing protease
phosphatase inhibitor, centrifuged at 14,000 rpm for 20min at
4◦C, and the supernatants were collected as the triton-soluble
fractions. The pellets were suspended in 1X laemmli buffer (2%
SDS, 2% 2-Mercaptoethanol, 10% glycerol, 0.002% bromophenol
blue, 100mM Tris-Hcl pH6.8), heated for 10min and then the
supernatant collected as triton-insoluble fraction. BCA assay
was carried out to determine the protein content in triton-
soluble fraction before adding equal volume of 2X laemmli
buffer. The extracts containing equal amount of proteins were
electrophoresed in 4–12% gradient acrylamide gels (Bio-Rad)
and the proteins were transferred to PVDF membrane at 90V
for 90min. The membranes were boiled in PBS for 5min,
followed by blocking in 5% non-fat milk in PBS-Tween 20 (0.05%
Tween-20) and probed overnight at 4◦C with 1:3000 dilution
of mouse monoclonal anti-α-syn (Syn-1) (BD Biosciences). The
membranes were washed several times with PBS-T and incubated
with 1:80,000 dilution of HRP-conjugated goat anti-mouse
antibody for 1 hr at room temperature. After three washes in
PBS-T for 30min, protein bands were then visualized using Super
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Signal West Femto Chemiluminescent Substrate Kit (Pierce,
Rockford, USA). Band intensities were quantified using Image
J (NIH) software and values are represented as percentages.
Results are presented as Mean± S.E.M of three independent
experiments. For densitometric analysis of α-syn blots, values
were normalized to corresponding β-actin. The ratio of triton
Insoluble /Triton-soluble was done by normalizing densitometric
values of Triton-Insoluble α-syn to corresponding triton-soluble
α-syn (Triton-Insoluble/Triton-Soluble X 100). For statistical
analysis and comparison between α-syn and corresponding
dG2/dG2 α-syn noramalization was carried out considering α-
syn as 100% to derive the value of its corresponding dG2/dG2
α-syn.

Sleep and Locomotor Activity Assays
Flies were maintained in a LD cycle (12h: 12h) cycle at 25◦C
with equal population densities. Locomotor activity and sleep
behavior were recorded from single males using the Drosophila
Activity Monitoring (DAM) system (Trikinetics, Waltham, USA)
as described (Joiner et al., 2006; Pitman et al., 2006). The DAM
monitor contains 32 channels, each connected to a small glass
tube containing each fly, in which the movement of individual
flies can be monitored, as they break the infrared beam that
bisects the tube. Movements were recorded in 1min bin size
using DAM 308 software. Sleep in drosophila is defined as a bout
of 5 or more minutes of inactivity (Shaw et al., 2000). The average
length of a sleep bout was calculated as the total amount of sleep
(min) divided by the number of sleep bouts for the day and
night. The activity index refers the activity when flies were awake
(number of recorded movement divided by the total time (min).
Single males were individually recorded (16 flies per genotype)
using the DAM system and three independent experiments were
performed for each genotype. With data extracted using DAM
filescan110, sleep behavior analysis was done using Microsoft
Excel.

Immunohistochemistry and Confocal
Microscopy
Brains of different groups from 30-day old flies were dissected
in cold PBS, and fixed in 4% paraformaldehyde in PBS for
1 hr. Samples were washed and permeabilized in 0.3% Triton
X-100 in PBS (Wash buffer) overnight. Fixed brains were
stained with mouse anti-Tyrosine Hydroxylase (TH) antibody
(Mouse monoclonal, Immunostar)/ anti-α-syn antibody (Syn1-
Rabbit polyclonal, BD biosciences)/anti- α-syn filament antibody
(Rabbit polyclonal, Abcam) at 1:200 dilution for 48 hr.
After incubation, brains were washed thrice, and incubated
with corresponding secondary antibodies overnight (anti-
mouse Alexa 488/anti-rabbit Alexa 594) at 1:1,000 dilution.
After thorough washing, stained brains were mounted using
Fluoromount mounting medium (Sigma) and images were
acquired in confocal microscope (Nikon EZC1). DA neuron
clusters were analyzed as previously described (Whitworth
et al., 2005). Optical sections of brains were acquired at.40-µm
intervals using a 40X objective for whole-brain imaging. Confocal
stacks were merged into a single plane by using Nikon EZC1
software. The number of TH-positive neurons within the PPL1

dopaminergic neuron cluster was counted by visual inspection of
individual confocal Z-series images. An average of eight brains
was analyzed in both the hemisphere for each genotype and the
result expressed as Mean± S.E.M.

RESULTS

Targeted Silencing of Drosophila GBA
Gene Using RNAi Results in Reduced
mRNA of GBA1 & GCase Activity Which
Causes Eye Defects
Two different clones of transgenic GBA RNAi fly lines (named
as dG1/dG1 and dG2/dG2) with inverted repeat RNA targeting
the drosophila homolog of the GBA1 gene, namely, CG31414
(dGBA1b) that has 31% homology to human GBA1 gene were
used under the control of UAS-Gal4 system. DGBA1a is shown
to express in midgut whereas dGBA1b is expressed throughout
body especially in the larval and adult brain. Several studies
have shown a successful downregulation of GCase activity by
targeting CG31414 (Suzuki et al., 2015; Davis et al., 2016). Down-
regulation of GBA1b in drosophila eye shows phenotypic effect
in flies with two copies of dGBA1 RNAi (dG2/dG2) under
control two copies of GMR-Gal4 driver when compared to
corresponding GMR-Gal4 alone (Figure 1A). To further confirm
that the eye defect observed in those flies is due to GBA
silencing, we performed RT-PCR and GCase assay. RT-PCR
results showed a significant downregulation of GBA1 in fly eye
samples of dG1/dG1 and dG2/dG2 (both targeting CG31414) in
the presence of GMR-Gal4 compared to corresponding GMR-
Gal4 control (Figures 1B,C). Although our eye screening and
mRNA knockdown revealed no significant variation between
dG1/dG1 and dG2/dG2, we decided to continue the current study
with dG2/dG2 drosophila lines. We further performed GCase
enzyme activity assay to confirm silencing of GBA1 enzyme
in flies with two copies of dG2/dG2 in the presence of two
copies of GMR-Gal4 driver (Figure 1D). Thus we obtained flies
with ∼70% reduction in GCase activity in the heads. Since our
experimental flies carry only single copy of GMR-Gal4 driver, we
anticipate ∼50% reduction of GCase activity in these flies and
thus they represent as model for heterozygous GBA1 mutations
associated with PD. To study the effect of GBA silencing on
neurotoxicity of α-syn and its mutants, we used UAS-Gal4
bipartite system to create transgenic flies with single copy of
tissue specific Gal4 driver bearing two copies of GBA RNAi
(dG2/dG2) simultaneously in the presence or absence of α-syn
wild-type (WT) and mutants (A30P/A53T). We did not observe
eye phenotypic defects in these flies expressing single copy of
GMR-Gal4 driver with/without dG2/dG2 in the presence of
α-syn (Figure S1).

Silencing of GBA1 Does Not Affect α-syn
mRNA Transcription and Protein Synthesis
In spite of absence of marked eye phenotype in flies expressing
single copy of GMR-Gal4 driver with dG2/dG2, there was a
marked down-regulation of GBA1 mRNA level as confirmed
by RT-PCR (Figure 2A). Immunoblot assay using whole tissue
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FIGURE 1 | Targeted silencing of drosophila GBA gene using RNAi (dG2/dG2). (A) Eye expression shows phenotypic effect in male and female flies maintained at 25◦

and 29◦C carrying two copies of dG2 (GBA RNAi) with GMR-Gal4 driver compared to two copies of GMR-Gal4 alone. (B) RT-PCR results showing that there is a

significant downregulation of GBA in fly lysates of dG1/dG1 and dG2/dG2 (two different clones targeting CG13414, fly homolog of GBA1) under control of GMR-Gal4

driver compared to corresponding GMR-Gal4 control and the corresponding graph shown in (C). On doing other preliminary screenings, we decided to continue this

study with dG2/dG2. (D) GCase enzyme activity assay was performed to confirm silencing of GBA enzyme in flies with two copies of dG2 in the presence of two

copies of GMR-Gal4 driver. The enzyme activity is expressed as percentage of control. Graph represents mean ± S. E. M for 3 independent experiments. Differences

in means compared by Students t-test *** represents p < 0.0001.

lysis extraction method and further densitometric analysis, we
observed no change in α-syn protein level in flies with dG2/dG2
expressing α-syn (WT, A30P, A53T) under control of GMR-
Gal4 driver compared to control flies expressing only α-syn (WT,
A30P, A53T) at 10 days (Figure 2B). To further know whether
knockdown of GBA1 affects α-syn transcription, corresponding
fly samples were used to examine the effect of GBA1 silencing
on the α-syn mRNA level. Densitometric analysis of RT-PCR
in which controls (GMR with/without α-syn) are normalized
to 100% and experimental flies (dG2/dG2 with/without α-syn)
were compared against their respective controls is shown in
Figure 2C. As expected, there was no transcriptional change in
α-syn expression when GBA1 is silenced.

Increased α-Syn Aggregation in Triton
X-Insoluble Fraction in dG2/dG2 RNAi Flies
Expressing A53T Mutant Synuclein
Understanding the α-syn aggregation propensity of WT and
mutant α-syn protein under GBA1 silencing will be useful in
determining the role of GBA in the toxicity of α-syn in these

flies. To clarify further and to find out the fate of α-syn protein
in flies when GBA is silenced, we have processed the samples
into triton-soluble and insoluble fractions. It is noteworthy that
Triton- insoluble fraction is considered to contain aggregated
form of α-syn protein. In western blot of triton-soluble and
insoluble fraction of 0 day (Figure 3A) and 30 day (Figure 3B)
old fly head lysates probed for α-syn, controls (GMR flies with
α-syn and without dG2/dG2) were normalized to 100% and
experimental flies (GMR flies with α-syn and dG2/dG2) were
compared against their respective controls. At 0 days, there
was little or no change in soluble α-syn in WT, A30P and
A53T dG2/dG2 flies and an insignificant decrease in triton-
insoluble α-syn was seen in A30P dG2/dG2 and A53T dG2/dG2
flies compared with respective controls. There was a slight
decrease in triton-insoluble α-syn in WT α-syn flies at 30
days (not statistically significant) when GBA1 is silenced. In
A30P α-syn expressing 30 day old flies with GBA1 silencing,
there was not a significant change in α-syn level. Interestingly,
there was a decrease in triton-soluble and a significant increase
in triton-insoluble α-syn level in dG2/dG2 A53T mutant flies
compared to corresponding A53T control flies at 30 days. We
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FIGURE 2 | Absence of transcriptional changes in α-syn expression in dG2/dG2 RNAi flies. (A) RT-PCR confirms knockdown of GBA1 mRNA in flies with dG2/dG2 (in

presence/absence of α-syn-WT, A30P, A53T) with single copy of GMR-Gal4 driver compared to respective control flies. This confirms significant transcriptional

downregulation of GBA even in the absence of eye phenotype (in flies with single copy of GMR). Corresponding densitometric analysis of RT-PCR was done by

normalizing controls to 100% and experimental flies (dG2/dG2 with/without α-syn) are compared against their respective controls. (B) The effect of GBA silencing on

α-syn protein expression, immunoblotting was done by whole tissue lysis extraction method. Further densitometric analysis revealed no change in α-syn protein level

in flies with dG2/dG2 expressing α-syn (WT, A30P, and A53T) under GMR-Gal4 drive compared to control flies expressing α-syn (WT, A30P, and A53T) alone.

Corresponding densitometric graph where controls (GMR with/without α-syn) normalized to 100% is shown. (C) RT-PCR results show no changes in the

transcriptional level of α-syn during GBA silencing. In densitometric analysis of α-syn RT-PCR, controls (GMR with/without α-syn) are normalized to 100% to compare

experimental flies (dG2/dG2 with/without α-syn) against their respective controls. Graph represents mean ± S.E.M. for 3 independent experiments. Differences in

means were compared by one-way ANOVA followed by the Newman-Keuls Multiple Comparison post hoc test. *** represents p < 0.0001.

observed a clear trend of increased aggregation in A53T mutant
flies with GBA silencing compared to its control A53T flies and
this trend is not observed in WT and A30P flies.

Increased Neurodegeneration in dG2/dG2
Flies Expressing WT, A30P, and A53T
Synuclein
Next we performed immunohistochemical analysis to examine
whether silencing of GBA exacerbate the synuclein toxicity in

our flies. We stained TH neuron clusters in GBA1 silenced fly
brains under control of TH-Gal4 driver to understand the role of

GBA1 on neurodegeneration. GBA1 silencing has been shown to
increase neurodegeneration in the presence of α-syn expression
(Suzuki et al., 2015; Davis et al., 2016) and we further would
like to confirm this finding in our flies. Figure 4A shows a
representative image of a projected Z-series of 30 day-old fly
brain under control of TH-Gal4 driver (with/without dG2/dG2
RNAi) stained with anti-Tyrosine Hydroxylase (TH) to label
dopaminergic (DA) neurons. We chose to count TH neuron
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FIGURE 3 | Triton-soluble and triton-insoluble α-syn level in dG2/dG2 RNAi flies expressing WT, A30P, and A53T synuclein. Western blot of triton-soluble and

insoluble fraction of 0 day (A) and 30 day (B) old fly head lysates probed for α-syn showed increase in triton-insoluble α-syn levels in dG2/dG2 A53Tmutant flies

compared to corresponding A53T control flies at 30days. In the corresponding densitometric analysis, controls (GMR with/without α-syn) are normalized to 100% and

experimental flies (dG2/dG2 with/without α-syn) are compared against their respective controls. Triton-Insoluble α-syn was also normalized to corresponding

triton-soluble α-syn. Graph represents mean ± S.E.M. for 3 independent experiments. Differences in means were compared by one-way ANOVA followed by the

Newman-Keuls Multiple Comparison post hoc test. * represents p < 0.05.

number in PPL1 (posterior protocerebral lateral 1) cluster as
previous reports have shown a decreased neuron number in these
clusters (Davis et al., 2016). Relative number of DA neurons
within the PPL1 cluster of 30 day-old dG2/dG2 RNAi flies with
TH-Gal4 UAS transgenes expressing WT, A30P, A53T synuclein
(n = 16), compared to age-matched corresponding control flies
without dG2/dG2 RNAi (n = 16) is shown in Figure 4B. There
was also significant decrease in number of DA neurons in flies
expressing α-syn (WT/A30P/A53T) compared to control TH/+
flies without α-syn expression. Similar to previous reports our
results show a profound decrease in neuron numbers in PPL1
cluster in GBA RNAi flies compared to respective controls
(Fishbein et al., 2014; Davis et al., 2016). To confirm expression
of α-syn in TH neurons in our experimental flies under TH-
Gal4 driver, we co-stained for TH neurons and α-syn. Figure 4C
shows representative image of projected Z-series of PPL1 cluster
in 30 day-old fly brain with TH-Gal4 UAS transgenes co-stained
with anti-TH (green) and anti-syn antibody (red) confirms
expression of α-syn in DA neurons in different genotypes.
Using a conformational antibody for α-syn, that stains only α-
syn aggregates, we wanted to confirm our western blot finding
that there was an increase in A53T aggregation under GBA
silencing. Representative immunofluorescent staining of 30 day-
old fly brain expressing WT, A30P, and A53T synuclein (under
control of TH-Gal4 driver) with/without GBA silencing and
stained with conformational antibody for α-syn aggregates is
shown in Figure 4D. We found a gross increase in number of
neurons staining for α-syn aggregates in GBA silenced fly brains

expressing A53T compared to A53T fly brains without GBA
silencing.

Negative Geotaxis Assay in dG2/dG2 Flies
Expressing A53T α-Synuclein Mutant
Climbing assay (negative geotaxis) is widely used to assess
locomotor behavior in flies. Climbing assay was conducted on
GBA RNAi flies to assess the effect of reduced GCase activity on
locomotor response when startled. At 0 Day dG2/dG2 a53T flies
show significant decrease in climbing activity compared to both
A53T/TH/ and dG2/dG2;TH/+ control flies (Figure 5A). 30-day
old flies revealed a decreased movement when GBA is silenced
with dG2/dG2 compared to the corresponding flies expressing
A53T synuclein without GBA silencing in the presence of TH-
Gal4 driver. However, we noticed that there was also a decrease
in locomotor activity in GBA silenced control flies not expressing
synuclein. The decline in climbing index with age was most
pronounce in dG2/dG2 control flies (Figure 5B). Compared to
dG2/dG2 control flies, the decline in climbing activity with age
was less pronounced in dG2/dG2 A53T flies since even young
dG2/dG2 A53T flies show decreased climbing ability. It is not
clear at this stage the reason for the decreased locomotion showed
by GBA RNAi fly. Recent report also found abnormal climbing
ability and sleep with mutant drosophila GBA gene supporting
our result (Whitworth et al., 2005). Additionally, our results
also corroborate previously reported study in flies where GBA1b
deletion resulted in decreased locomotor activity due to reduced
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FIGURE 4 | Increased neurodegeneration in dG2/dG2 flies expressing WT, A30P, and A53T synuclein. (A) Representative image of a projected Z-series of 30 day-old

control fly brain with TH-Gal4 driver stained with anti-Tyrosine Hydroxylase (TH) to identify dopaminergic (DA) neurons. DA neurons within each cluster are indicated by

labels. (B) Relative number of DA neurons within the PPL1 cluster of 30 day-old dG2/dG2 RNAi flies under control of TH-Gal4 driver expressing WT, A30P, A53T

synuclein (n = 16), compared to age-matched corresponding control flies without dG2/dG2 RNAi (n = 16). There was also significant decrease in number of DA

neurons in flies expressing α-syn (WT/A30P/A53T) compared to control TH/+ flies. Differences in means were compared by one-way ANOVA followed by the

Newman-Keuls Multiple Comparison post hoc test. ** represents p < 0.001, *p < 0.05. (C) Representative image of projected Z-series of PPL1 cluster in 30 day-old

fly brain with under control of TH-Gal4 driver co-stained with anti-TH (green) and anti-syn antibody (red) confirms expression of α-syn in DA neurons in different

genotypes. (D) Representative immunofluorescent staining of 30 day-old fly brain expressing WT, A30P, and A53T synuclein (TH-Gal4 UAS transgenes) with/without

GBA silencing stained with conformational antibody (anti-α-synuclein filament antibody) for α-syn aggregates.

GCase activity per se and α-syn expression did not aggravate this
phenotype (Davis et al., 2016).

Sleep Behavior in dG2/dG2 RNAi Flies
Expressing Wildtype and Mutant
α-Synuclein
Sleep disturbances and changes in sleep behavior appear much
earlier preceding all other features in PD (Schapira, 2004; Arnulf
et al., 2008). Common sleep problems associated with PD is
excessive day-time sleepiness, Rapid eye movement (REM),
night-time wakefulness and restless legs syndrome. Hence we
analyzed sleep like rest behavior (defined as absence of movement
for 5 consecutive minutes) in 0–3 day old young flies as well

as in 30-day old flies using activity monitor. Decreased sleep
(especially in the night), with increased number of sleep bouts
(also known as sleep fragments) and decreased wake activity,
in general, can stand as markers for PD pathogenicity in a fly
model. It is noteworthy that sleep is only partially regulated by
circadian rhythm, and other environmental factors and stress
play critical role (Koh et al., 2006). Silencing of GBA1 gene in
young flies expressing WT/A30P/A53T mutant synuclein under
TH-Gal4 driver has profound effect on sleep-like rest behavior
in flies. GBA1 silencing per se caused slight decrease daytime
sleep in control flies (Figure 6A) as already reported in another
study (Kawasaki et al., 2017) and we found an increase in number
of sleep bouts in GBA1 silenced control as well as WT, A30P,
& A53T α-syn expressing young flies (Figures 6A,B). GBA1
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FIGURE 5 | Decreased activity of dG2/dG2 flies in negative geotaxis assay.

(A) Negative geotaxis assay revealed a decreased movement in dG2/dG2;

A53/TH compared to A53T/TH and dG2/dG2 control flies at Day0. (B)

Climbing Index of old flies (20 and 30 day) normalized to 0 day young flies for

each genotype showed a significant decline in activity with age in case of

control dG2/dG2 flies. The dG2/dG2 A53T flies did not show prominent

decline compared to dG2/dG2 control because the movement is severely

compromised in these flies even at day 0. Data represents Mean + S. E. M of

3 independent experiments. Multiple comparisons between means were done

by one-way ANOVA followed by Bonferroni correction. Comparison was done

between TH/+ vs. dG2/dG2;TH/+, dG2/dG2 vs. dG2/dG2;WT/TH, dG2/dG2;

A30P/TH and dG2/dG2;A53T and WT/TH vs. dG2/dG2;WT/TH and A30P vs.

dG2/dG2;A30P/TH and A53T vs. dG2/dG2;A53T/TH ). *** represents

p < 0.0001.

silencing per se also caused a decreased overall activity in flies
(Figure 6C). Thus, GBA silenced α-syn expressing young did not
show marked sleep pathology. However, in 30 day old flies, α-syn
mutant A53T expression in GBA silenced flies show marked
sleep pathology. Similar to young flies, 30 day old dG2/dG2
control flies show increased sleep fragments in day (Figure 6D)
and decreased wake activity during day (Figure 6F) and GBA
silencing per se causes decreased average sleep bout length during
night that’s observed in GBA silenced α-syn wildtype and mutant
expressing flies also (Figure 6E). Similar to dG2/dG2 control
flies, the GBA silenced A53T expressing 30 day old flies show
increased number of sleep bouts in day (Figure 6D), decreased
total sleep time and sleep bout length during night (Figure 6E)
and decreased wake activity during day, when compared to their
respective A53T control flies. Nevertheless, the expression of
A53T mutant in these GBA silenced flies intensifies the sleep
pathology. A53T expression in GBA silenced old flies causes
decreased wake activity during day, night and in total when
compared to both dG2/dG2 control and A53T control flies

(Figure 6F). Although we observe a trend in sleep when GBA
is knocked down in young flies, (the GBA knocked down young
flies had an increased sleep bout and decreased overall activity)
in old flies, only dG2/dG2 A53T fly shows a significant decline
in activity while the opposite happens with dG2/dG2 WT flies.
Such variation between young and old flies and between flies
expressing WT and mutant α-syn can be due to the dynamic
nature of synuclein that affects these features in flies (Gajula Balija
et al., 2011).

DISCUSSION

In the current study, we aimed to explore the effect of reduced
GCase enzyme activity on the aggregation and toxicity of human
WT α-syn or its mutants (A30P and A53T α-syn). We obtained
flies with GBA silencing in the presence or absence of WT,
A30P and A53T α-syn and studied α-syn aggregation potential,
neurodegeneration, climbing ability, locomotor activity and
non-motor features like sleep behavior in these flies. These
flies presumably have ∼50% reduction in GCase activity thus
depicting heterozygous GBA1 mutations associated with PD.
We chose to compare WT α-Syn with A30P & A53T point
mutants since A30P has been shown to aggregate much later
than WT α-syn due to impaired β-structure while A53T has
been shown to form both soluble oligomers and insoluble
fibrils more rapidly (Karpinar et al., 2009). Although A53T
GBA RNAi flies show a slight decrease in triton-insoluble
fraction compared to A53T control flies at 0 days, there is
a significant increase at 30 days indicating that aggregation
increases in the absence of significant GCase activity as they
age in A53T flies. This trend is not seen in WT α-Syn or
A30P GBA RNAi flies. Thus western blot analysis revealed that
the monomeric α-syn is lower with corresponding increase in
α-syn aggregates in lysates of flies with GBA-RNAi co-expressed
with A53T compared to control A53T flies. This finding was
further confirmed by confocal staining using conformational
antibody for α-syn (anti-α-synuclein filament antibody) where
A53T GBA RNAi flies show more neuronal aggregates than that
of A53T flies without GBA RNAi. Although western blot results
using GMR driver is a strong evidence to conclude the finding,
we did confocal imaging for syn aggregate using TH driver
to support the finding. However, elaborate study is necessary
to evaluate the presence of aggregated syn in different cluster
and co-localization with non-aggregated synuclein antibody.
With the absence of significant differences in the mRNA levels
(Figure 2), we are tempted to speculate that α-syn with A53T
mutation undergoes a physiological change during reduced
GCase enzyme activity, possibly due to decreased autophagic
flux (Davis et al., 2016) forming toxic oligomeric species or high
molecular aggregates.

Since the presence of insoluble aggregates may not always
contribute to increased toxicity (Kawasaki et al., 2017), we
studied the neurodegeneration in these flies by TH neuron
staining of fly brain. Confocal microscopy revealed a significant
neurodegeneration in the order of A53>A30P>WT α-syn
expressing aged flies. Neurodegeneration was aggravated in
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FIGURE 6 | Sleep Behavior in dG2/dG2 GBA RNAi flies expressing wildtype and mutant α-synuclein. Sleep behavior in young flies (0–3days) with and without

dG2/dG2 silencing, expressing wildtype (WT), A30P and A53T mutant synuclein using TH-Gal4 is represented as total length of sleep, fragmentation in sleep indicated

(Continued)
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FIGURE 6 | by sleep bout number, and the average length of sleep in 12 h light (Day) and 12 h dark (Night) cycles (A,B). Activity index represents fly activity level

during the wake periods in day, night and in total (C). GBA silenced A53T old flies showed pathogenic symptoms such as increased daytime sleep, with an increased

number of bouts (D) and a decreased night sleep with decreased night bout length (E). These flies also show marked reduction in wake activity during day, night and

in total (F). Bars represent mean values of at least three independent experiments ± the standard error of the mean from 16 flies that were individually recorded in

each experiment conducted using drosophila activity monitor. Differences in means were compared by one-way ANOVA followed by the Newman-Keuls Multiple

Comparison post hoc test (between TH/+ vs. dG2/dG2;TH/+, dG2/dG2 vs. dG2/dG2;WT/TH, dG2/dG2; A30P/TH and dG2/dG2;A53T and WT/TH vs.

dG2/dG2;WT/TH and A30P vs. dG2/dG2;A30P/TH and A53T vs. dG2/dG2;A53T/TH). *** represents p < 0.0001, **p < 0.001, and *p < 0.05.

GBA1 RNAi flies expressing WT/A30P/A53T α-syn compared
to control flies that expresses only WT/A30P/A53T α-syn,
strongly suggesting that reduced GCase activity enhances DA
neuronal loss and hence the toxicity of α-syn. Similar decrease
in neuron cluster and neurodegeneration has been reported
during GBA silencing in drosophila expressing WT α-syn (Davis
et al., 2016). It has been proposed that α-syn clearance can
take place in the lysosomes, and because of impaired lysosomal
activity resulting from mutation in GBA, there is a buildup of
misfolded forms of α-syn, further contributing to intracellular
toxicity. Recent reports suggest that there is a mild accumulation
of α-syn during knock-down of GBA in primary neuronal
culture. Human induced-pluripotent-stem-cell-derived neurons
generated from GD patients fibroblasts had an accumulation of
α-syn that resulted in neurotoxicity that can be attributed to
aggregation-dependent mechanisms (Mazzulli et al., 2011). It
has been suggested that increased concentrations of lysosomal
glucosylceramides resulting from diminished enzymatic activity
promoted the formation of soluble α-synuclein oligomers and
fibrils. Further it is indicated that increased concentrations
of cytoplasmic α-syn blocked endoplasmic reticulum–Golgi
apparatus trafficking of glucocerebrosidase, thus forming a bi-
directional loop by decreasing the lysosomal glucocerebrosidase
and thus causing increase in glucosylceramide and stable
α-syn oligomers. In the current study we noticed that
although there is no significant accumulation of α-syn during
GBA knockdown, it aggravates aggregation of mutant α-syn
A53T.

Patients with GBA mutation associated with PD tend to have
an earlier age of onset and associated with cognitive decline
and dementia. Motor impairments in PD patients is often
preceded by non-motor features such as sleep problems. Sleep
abnormalities in PD patients can be diagnosed years before
motor syndromes appear (Schapira, 2004; Arnulf et al., 2008).
GBA mutations are reported to be associated with Rapid eye
movement (REM) sleep disorder (Gan-Or et al., 2015) which acts
as early clinical sign for the development of PD and Lewybody
associated dementia (DLB). It has been already reported in
drosophila that the expression of pre-fibrillar α-syn mutants like
TP-α-syn causes non-motor features like an altered sleep-like
rest behavior that is observed prior to cell death, suggesting
an early impairment of the DA system (Gajula Balija et al.,
2011). Our study reveals that mutant A53T expression in GBA
silenced old flies causes marked decline in their wake activity
when studied using drosophila activity monitor (DAM). This
pathology can be correlated to an increase in aggregation A53T
mutant GBA RNAi flies that leads to increased DA neuronal
loss. Our results on negative geotaxis assay indicate that GBA

silencing per se causes decreased locomotor activity, similar to
previous reports (Fishbein et al., 2014). We also observed a
decreased locomotor activity when GBA is silenced in young
flies. However, expression of mutant α-syn A53T during GBA
silencing in old flies causes marked decrease in locomotor
activity.

The current study shows that A53T mutants due to possible
changes in metabolism during GBA silencing, forms more
toxic aggregates (as evidenced by both western blot) leading
to increased DA neuronal loss, affecting locomotor activity in
these flies. More interestingly, these flies also exhibited an altered
sleep behavior during GBA silencing. Our results show that the
increase in α-syn aggregation and neurodegeneration in A53T
flies with reduced GCase activity may be due to an altered α-
syn metabolism. In conclusion, this study demonstrates that the
reduced GCase activity both in the context of heterozygous GBA1
mutation associated with PD and in old age, may contribute to
increased aggregation of mutant α-syn A53T and exacerbates the
phenotype in a fly model of PD.
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Figure S1 | Representative eye pictures showing no phenotypic effect in
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and A53T α-syn compared to fly eyes carrying single copy of
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