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Death of dopaminergic (DAergic) neurons in the substantia nigra pars compacta
of the human brain is the characteristic pathological feature of Parkinson’s disease
(PD). On exposure to neurotoxicants, Drosophila too exhibits mobility defects and
diminished levels of brain dopamine. In the fly model of sporadic PD, our laboratory
has demonstrated that there is no loss of DAergic neuronal number, however, a
significant reduction in fluorescence intensity (FI) of secondary antibodies that
target the primary antibody-anti-tyrosine hydroxylase (TH). Here, we present a
sensitive, economical, and repeatable assay to characterize neurodegeneration
based on the quantification of Fl of the secondary antibody. As the intensity of
fluorescence correlates with the amount of TH synthesis, its reduction under
PD conditions denotes the depletion in the TH synthesis, suggesting DAergic
neuronal dysfunction. Reduction in TH protein synthesis is further confirmed
through Bio-Rad Stain-Free Western Blotting. Quantification of brain DA and
its metabolites (DOPAC and HVA) using HPLC-ECD further demonstrated the
depleted DA level and altered DA metabolism as evident from enhanced DA
turnover rate. Together all these PD marker studies suggest that FI quantification
is a refined and sensitive method to understand the early stages of DAergic
neurodegeneration. Fl quantification is performed using ZEN 2012 SP2, a licensed
software from Carl Zeiss, Germany. This method will be of good use to biologists,
as it with few modifications, can also be implemented to characterize the extent
of degeneration of different cell types. Unlike the expensive and cumbersome
confocal microscopy, the present method using fluorescence microscopy will
be a feasible option for fund-constrained neurobiology laboratories in developing
countries.
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Introduction

The first study on the a-synuclein-mediated Drosophila model of
Parkinson’s disease (PD) demonstrated that misexpression of human
a-synuclein causes a progressive age-dependent locomotor
dysfunction and concurrent loss of dopaminergic (DAergic) neurons,
similar to pathological and clinical manifestations of PD in humans
(Feany and Bender, 2000). Since then, numerous laboratories have
been using the fly model to examine the effects of gene mutations or
over-expression in PD (Auluck et al., 2002; Pesah et al., 2005; Park
et al., 2006; Botella et al., 2009; Navarro et al., 2014; Sur et al., 2018;
Bordet et al., 2021; Maitra et al., 2021; Rai and Roy, 2022).

Drosophila models of PD recapitulate critical PD phenotype, i.e.,
loss of DAergic neurons (Feany and Bender, 2000; Auluck et al., 2002;
Chen and Feany, 2005; Cooper et al., 2006; Trinh et al., 2008, 2010;
Barone et al., 2011; Hernandez-Vargas et al., 2011; Sur et al., 2018;
Maitra et al., 2021). However, some groups reported no loss in
neuronal numbers (Pesah et al., 2004, 2005; Menzies et al., 2005;
Meulener et al., 2005; Whitworth et al., 2005; Navarro et al., 2014;
Ayajuddin et al., 2022). Neurotoxins such as rotenone (ROT) and
paraquat (PQ) have been used to develop the Drosophila model of
sporadic PD. In them, specific loss of DAergic neurons was found with
different concentrations of toxins (Coulom and Birman, 2004;
Chaudhuri et al., 2007; Wang et al., 2007; Maitra et al., 2021; Chaouhan
et al., 2022) or no alteration in the number of neurons was also
reported (Menzies et al., 2005; Meulener et al., 2005; Navarro et al.,
2014; Ayajuddin et al, 2022). The tyrosine hydroxylase (TH)
immunostaining and green-fluorescent protein (GFP) reporter-based
techniques have typically been approached to measure DAergic
neurons in the whole Drosophila brain. The reduction in fluorescence
intensity (FI) of TH immunostaining or GFP signal has been referred
to as “neuronal dysfunction” (Navarro et al., 2014).

In the present study, we employed the PQ-induced Drosophila
model of PD that was developed in our laboratory (Phom et al., 2014)
and demonstrated that in PD brain DAergic neuronal number remains
unaffected but the FI of the secondary antibody that targets the
primary anti-TH antibody (TH is a rate-limiting enzyme in the
dopamine synthesis and marker protein for DAergic neurons)
decreased as compared with control suggesting the neurodegeneration.
This is further confirmed by quantifying the brain TH protein through
western blotting and altered brain DA metabolism using HPLC-ECD.

Here, we describe a sensitive fluorescence microscopy-based
assay, which is less expensive and user-friendly as compared to
cumbersome confocal microscopy, to characterize DAergic neuronal
dysfunction even in the absence of loss of neuronal cell body, which
enables the researcher to follow the progress of neurodegeneration.

Materials and methods
Fly husbandry

The male Oregon K (OK) flies of the D. melanogaster were used
in the present study (OK strain procured from National Drosophila
Stock Center, Mysuru University, Mysuru, Karnataka, India). The flies
were reared in a fly incubator at 22°C+2°C with a 12-h (Hr) light/
dark cycle (Percival, United States). A culture media constituting
sucrose, yeast, agar-agar, and propionic acid was used to feed the flies
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(Phom et al,, 2014). The flies were collected by mildly anesthetizing
them with a few drops of diethyl ether. Each vial with fresh culture
media contained not more than 25 flies. Every 3rd day, the collected
flies were moved to a fresh media vial. The early health phase (4-5 days
old) flies were used in this experiment.

Chemicals

The required chemicals viz., Sucrose (SRL, Maharashtra, India,
Cat: 84973), Methyl viologen dichloride hydrate /Paraquat (PQ;
Sigma-Aldrich, St. Louis, MO, United States, Cat: 856177) were used
for feeding procedures. Phosphate buffered Saline (PBS; HiMedia,
Maharashtra, India, Cat: ML023), Paraformaldehyde (Sigma-Aldrich,
St. Louis, MO, United States, Cat: 158127), Triton X-100 (TX-100,
Sigma-Aldrich, St. Louis, MO, United States, Cat: T8787), Normal
Goat Serum (NGS; Vector Labs, CA, United States, Cat: S1000),
VECTASHIELD® mounting medium (Vector Labs, CA,
United States, Cat: H1000), Rabbit anti-Tyrosine hydroxylase (anti-
TH) polyclonal primary antibody (Millipore, MA, United States, Cat:
Ab152), and Goat anti-rabbit IgG H&L (TRITC labeled) polyclonal
secondary antibody (Abcam, MA, United States, Cat: Ab6718) were
used for immunostaining. NGS (Sigma-Aldrich, St. Louis, MO,
United States, Cat: 2153), Protease inhibitor cocktail tablets (Sigma-
Aldrich, St. Louis, MO, United States, Cat:S8830), RCDC assay
reagent (Bio-Rad, CA, United States, Cat: 500-0120), TGX stain-free
fast cast acrylamide (Bio-Rad, CA, United States, Cat:161-0183TA),
Pre-stained plus dual color protein standard (Bio-Rad, CA,
United States, Cat:161-0374), PVDF membrane (Bio-Rad, CA,
United States, Cat: 162-0174), Goat anti-rabbit HRP antibody
(Abcam, MA, United States, Cat: 205718), Clarity western ECL
substrate (Bio-Rad, CA, United States, Cat: 170-5060) were used in
western blotting. Trichloro Acetic Acid (TCA; SRL, Maharashtra,
India, Cat: 204842), Dopamine (DA; Sigma-Aldrich, St. Louis, MO,
United States, Cat: H8502); 3,4-Dihydroxyphenylacetic acid
(DOPAC; Sigma-Aldrich, St. Louis, MO, United States, Cat: 11569);
Homo vanillic acid (HVA; Sigma-Aldrich, St. Louis, MO,
United States, Cat: 69673), MD-TM mobile phase (Thermo-Scientific,
Waltham, United States, Cat: 701332) were used for quantifying DA
and its metabolites.

Treatment of flies

Treatment of the flies with PQ was done as described by Phom
et al. (2014). Whatman filter paper No.1 was used for disc-feeding
experiments. Briefly, 10 mM PQ was prepared in 5% sucrose solution,
and 275 pL of the solution was poured on filter paper. Twenty-five flies
of the same age groups were placed in each vial. The climbing ability
was noted every 24 h.

Negative geotaxis assay

A negative geotaxis assay (climbing assay) was performed as
described by Botella et al. (2008) and Phom et al. (2021). Briefly, an
individual fly was placed into the plastic tube and given 2min to
acclimatize. The fly was then taped to the bottom of the tube, and the
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height it climbed in 12's was recorded. A minimum of 12 flies were
scored for each group, and the experiment was performed three times
with each fly. The time point at which the fly showed significant
mobility defect but not mortality was chosen to analyze the DAergic
neuronal system.

Immunostaining of the whole Drosophila
brain

Quantification of DAergic neurodegeneration of the fly brain was
done as described in Bayersdorfer et al. (2010) and Ayajuddin et al.
(2022). Elaborately, the brains of male Oregon K flies were fixed in 4%
paraformaldehyde (PFA) containing 0.5% TritonX (TX)-100, at room
temperature for 2 h, and then washed five times after every 15min (5
x 15min) in phosphate-buffered saline (PBS) with 0.1% TX-100
(PBST), at room temperature (RT). Blocking was performed using
PBS containing 0.5% TX-100 and 5% normal goat serum (NGS) for
120 min at room temperature (RT). Then, primary antibody (anti-TH)
incubation was done for the brains with a dilution of 1:250 for 72 h at
4°C. The excess primary antibody was washed off from the brains for
5 x 15min with PBST. Brains were then incubated with 1:250 dilution
of secondary antibody (TRITC labeled) for 24 h at RT under dark
conditions. After thorough washing for 5 x 15min in PBST to remove
the excess secondary antibodies, brains were mounted in
VECTASHIELD® mounting medium and then topped with cover
glass (Electron Microscopy Sciences, PA, United States), and image
acquisition was done on the same day.

Image acquisition

Prepared/stained brains were viewed under a fluorescence
microscope (Axio Imager M2 with 100 W Mercury lamp, Carl Zeiss,
Germany) at a 40 X lens (Supplementary Figure S1). The image was
scanned using a monochromatic camera with a Rhodamine filter
(Supplementary Figure S2). The image acquisition at 40X was done by
using a red dot test for visibility of neuron(s) and assessing saturation
using the control brain and reusing the same exposure time for all
other brain samples (Supplementary Figure S2). Then, Z-stack
with
(Supplementary Figure S3). For image processing in 2D, on the

programming constant intervals was  performed
method column, image subset and maximum intensity projection
(MIP) with X-Y Plane was created (Supplementary Figure S4).
Supplementary Figure S5 illustrates the merged fly brain image in 2D,

which was used for presentation.

Fluorescence intensity quantification

FI quantification is performed using ZEN 2012 SP2 software from
Carl Zeiss, Germany. ZEN 2012 SP2, Carl Zeiss software is a single user
and a license must be acquired to utilize the imaging system to
interactively control image acquisition, image processing, and analysis.
The FI quantification was done using 3D scan images. Briefly, PAL, PPL1,
PPL2, PPM1/2, PPM3 (PAL, Protocerebral anterior lateral; PPL,
Protocerebral posterior lateral; PPM, Protocerebral posterior medial)
brain regions were selected (Supplementary Figure S6). The images were
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enlarged to see clear neurites, then from graphics appropriate tools draw
spline contour were selected and a line was drawn around the neuron
giving intensity mean and area (Supplementary Figure S7) and intensity
sum was created by selecting more options (Supplementary Figure S8).
From the measure tab on the left side of the panel; the list, view all, and
create document options were selected (Supplementary Figure S9). The
area and FI sum were recorded for each scan of a neuron in .xml format
(Supplementary Figure S10). For quantification of FI of a single neuron,
atotal of 11 scans with an interval of 1.08 pm for each scan, meaning the
cumulative of 11.08 pm width was considered (Supplementary Figure S11).
The same process was followed for all the neurons located in different
clusters. The intensity sum of all the neurons in a specific cluster gives the
total FI of that particular region (cluster-wise). The total FI is the sum of
the FI of all the neurons belonging to all the DAergic neuronal clusters.
The fly brain with the same orientation was carefully chosen for
FI quantification.

Protein extraction from Drosophila brains

Fifty fly heads per group were homogenized in 160ul of RIPA
buffer (50mM Tris HCL, 1% Triton, 0.5% sodium deoxycholate,
150mM NaCl, 0.1% SDS, 2mM EDTA) with protease inhibitor
cocktail (10% working concentration). Homogenates were then
sonicated for 20s (with a pulse of 10s and amplitude at 30%) using a
sonicator (Qsonica, OHIO industries, OH, United States). The samples
were centrifuged at 13,000 rpm for 5 min at 4°C. The supernatant was
re-centrifuged at 13,000 rpm for 5min at 4°C.

Protein quantification

Protein quantification was performed using the Bio-Rad RCDC
assay reagent. BSA at a concentration of 1 mg/mL was used as the
standard and 5 uL of the extracted protein lysates were used for
quantification of the samples. Absorbance was read at 750 nm using
the NanoDrop 2000C (Thermo Scientific, MA, United States). Lysates
were stored at —80°C until further use.

Western blotting

Bio-Rad proprietary stain-free western blotting

The casting of Bio-Rad stain-free gels: SDS-polyacrylamide gels
were cast using the Bio-Rad TGX stain-free fast-cast acrylamide kit
(10% and 1.5mm thickness). In brief, the procedure is as follows:
Resolving gel solution is prepared by mixing equal volumes of resolver
A and resolver B solution (as described by the manufacturer). Added
TEMED and freshly prepared 10% APS to the combined resolver,
mixed well, and dispensed the solution into the glass plates. Filled the
cassette to 1cm below the bottom of the teeth of the comb. Then
prepared stacking gel acrylamide solution by combining equal
volumes of stacker A and stacker B solution (as described by the
manufacturer). Added the TEMED and 10% APS to the stacker
solution, mixed well, and pipetted the solution in the middle of the
cassette, filling to the top of the plate (applied slowly and steadily to
prevent mixing with resolving solution). Allowed the gel to polymerize
for 30-45 min before starting the run.
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Preparing the fly brain protein lysate for
SDS-PAGE

40 ug of each sample lysate was mixed with 20 uL of sample buffer
(0.5M Tris HCI pH6.8, 10%SDS, glycerol, 0.1% bromophenol blue,
f-mercapto ethanol) in a total volume of 40 uL and denatured for
5min at 95°C. A 10X stock of running buffer (Tris, Glycine, and SDS)
was used for preparing a 1X running buffer. The gel was run at a
current of 20mAmp at room temperature using a Bio-Rad powerpack
basic power system. Before electro-blotting, the stain-free gels were
scanned and activated (2.5min) using the Bio-Rad fluorescent
documentation system. PVDF membrane was used after activation by
methanol before setting up the transfer sandwich. The transfer was
carried out at a voltage of 90 V for the duration of 90 min using chilled
1X transfer buffer (Glycine, Tris, and methanol) with continuous
stirring using a magnetic bead. To create a cold temperature condition
the transfer tank was placed inside a bucket filled with ice.

Membrane blocking and antibody
treatment

Post-transfer the PVDF membrane was scanned using the Bio-Rad
fluorescent documentation system and incubated in the blocking
buffer of 5% BSA in 1X TBS-T (0.05%) for a duration of 90 min at room
temperature with gentle rocking. Rabbit polyclonal anti-TH antibody
was used in the dilution of 1:1,000 and the membrane was incubated
at 4°C for 48 h. Post-primary antibody incubation, the membrane was
washed 3X in 1X TBS-T (0.05%) for 15min at room temperature. The
secondary antibody Goat anti-rabbit HRP was used in a dilution of
1:5,000 and the membrane was incubated for 24h at 4°C. The
membrane was washed 5X in 1XTBS-T (0.05%) for 15min and
developed using ECL substrate. Scanning was performed with Bio-Rad
fluorescent documentation system. TH protein amount was quantified
using the whole protein normalization method (using Bio-Rad
proprietary stain-free gels) that requires no loading control. Data
analysis was performed using Bio-Rad ImageLab 5.2.1 version software.

(Details of WPN (whole protein normalization method) and
calculation of TH protein amount in a brain sample are presented in
Supplementary material 2).

Quantification of DA and metabolites
(DOPAC and HVA) using high-performance
liquid chromatography with an
electrochemical detector

Brain-specific DA and its metabolites were quantified using high-
performance liquid chromatography with an electrochemical detector
(HPLC-ECD; HPLC-Thermo Scientific, Dionex Ultimate 3000)
following the protocol described by Ayajuddin et al. (2021). The control
group and PQ-exposed group of flies were immediately frozen
following 24 h of exposure. To avoid thawing of tissue and degradation
of biomolecules, frozen flies were placed on an ice tray containing a
chilled metal surface and 15 fly heads were decapitated quickly with a
sharp scalpel. Head tissue homogenate was prepared in 300 pL of
chilled PBS. Sonication of the homogenate was performed at 30%
amplitude for 20 s with 5-s intervals. Then homogenate was centrifuged
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at 6,000rpm, 4°C for 10min. After centrifugation, 50pL of the
supernatant was set aside for protein quantification. The remaining was
combined with 5% TCA (prepared in HPLC grade or enzyme-free
water) in a 1:1 ratio and kept in ice. Standard DA, DOPAC, HIAA, and
HVA were prepared in PBS, each having a concentration of 200 ng/
mL. The standard solution was mixed with 5% TCA in a 1:1 ratio and
kept on ice to prevent catecholamine degradation. For quantification,
50 pL of the tissue sample and 20 pL of the composite standard were
loaded into the HPLC. MCM 15cm x 4.6mm, 5p C-18 packed
columns (Thermo-Scientific, Waltham, United States, Cat: 70-0340)
was used as the stationary phase for elution of the catecholamines, and
MD-TM served as the mobile phase. To detect the catecholamines, the
reduction and oxidation potentials within the two cells of primary ECD
were kept at —175 and+225mV, respectively. The secondary ECD
module acting as a third cell also known as Omnicell, was set to
+500mV to reduce background noise. Data was gathered at a rate of
5Hz. Chromatogram analysis was done using Chromeleon® 7 from
Thermo-Scientific (Waltham, United States). Comparisons were made
between sample and standard chromatograms for a catecholamine’s
retention time. To precisely pinpoint the peaks corresponding to DA,
DOPAGC, and HVA in the sample, 10 pL of the composite standard was
added to a sample and run through the HPLC once again. The spiked
peaks according to the detection sequence in the standard solution
were recognized as the catecholamines of interest in the sample.

Quantification and normalization of catecholamines were
described by Ayajuddin et al. (2021).

In brief, (1) The concentration of a catecholamine is: Cgq (ng/mL),
(2) the area of a catecholamine in the composite standard
chromatogram is: Ag, and the injection volume of the composite
standard solution is: Igy (uL), (3) the area of the catecholamine in the
tissue extract chromatogram is: A, and the injection volume of the
tissue extract is Ig,y, (UL), (4) total number of fly heads for protein
extraction: N, (5) the total protein concentration of the tissue extract
is: Pgymp (Mg/pL).

Calculation steps (Supplementary material 3):

1. The standard catecholamine concentration in Ig, (UL) injection
volume: (Cgyy X I54)/1,000=V1 (ng).

2. The catecholamine concentration in tissue extract: (Agump X
V1)/Aga=V2 (ng).

3. Total protein in Ig,,, (1L) injection volume of tissue extract:
(PSamp X Isamp) =V3 (ng)-

4. The catecholamine concentration per 1 pug in the injected tissue
extract: V2/V3=V4 (ng/1pg).

5. The catecholamine concentration per fly head=V5/N=V6 (ng).

6. Injected tissue extract and the standard solution was mixed
with 5% TCA in a 1:1 ratio. Therefore, the actual catecholamine
concentration per fly head (V6/2)=V7 (ng) or (V7
X1000) =V8 (pg).

(Detailed calculation of the concentration of catecholamines in a
brain sample with an example is presented in Supplementary material 3).

Data analysis

GraphPad Prism 5.0 software was used to perform statistical
analysis and preparation of the graphs, which were expressed as
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mean *standard error of the mean (SEM). For the two-group data,
statistical significance was determined by a two-tailed unpaired t-test.
A one-way analysis of variance (ANOVA) followed by the Newman-
Keuls Multiple Comparison Test was carried out for the data with
more than two groups. p-value < 0.05 was considered significant.

Results

PQ induces Parkinsonian symptoms as
indicated by negative geo-taxis assay

A PQ-induced fly model of sporadic PD was developed in our
laboratory (Phom et al., 2014) and the same is employed in the present
study. Flies were fed with 10 mM PQ prepared in 5% sucrose to induce
PD, whereas the control flies remained in 5% sucrose. The negative
geotaxis assay was used to measure mobility impairments. Results
revealed that 90% of the flies could reach the top of the column in 12s
under normal conditions, but PQ-treated flies were unable to do so.
PQ-intoxicated Drosophila exhibited resting tremors and bradykinesia,
which are the distinctive clinical symptoms of PD in human patients.
The flies failed to hold their grip and slipped to the bottom as they
tried to climb on the wall. Further, the climbing speed of the flies
declined by 33% after 24 h and by 60% after 48 h of exposure to the
neurotoxicant (Figures 1A,B). No mortality was observed after either
24 or 48 h of exposure window, yet flies showed significant mobility
defects. Therefore, an exposure window of 24 h was chosen to
characterize the DAergic neurodegeneration.

Fly model of PD shows no loss of DA
neurons but depletion in TH synthesis:
insights from whole brain immunostaining
and western blotting

The adult Drosophila brain comprises six countable DAergic
neuronal clusters in each hemisphere of the brain (Figures 2A,B). To

10.3389/fnins.2023.1158858

probe into DAergic neuronal dysfunction in PQ-administered flies,
the brains were immuno-stained for TH (Figure 3A). Quantification
of DAergic neuronal number reveals no significant difference in all the
five clusters analyzed, and in toto in PD-induced brains as compared
to the control (Figures 3B,C). However, there are slight changes in the
neuronal number even among the control groups, which can
be accredited to natural variation. This result is consistent with the
earlier comprehensive study performed by Navarro et al. (2014). To
comprehend whether there is a change in the level of TH synthesis,
the FI of the DAergic neurons (fluorescently labeled secondary
antibody (ab) targets the primary anti-TH ab, and hence FI is
correlated to the level of TH protein synthesis) was quantified. In
PQ-administered flies, the FI of DAergic neurons in the PAL, PPL1,
PPL2, and PPM3 clusters acutely decreased except for PPM1/2
(Figure 3D). The FI of DAergic neurons (five quantifiable DA neuronal
clusters) of the whole brain mount exhibited a significant reduction
(30%-35%) as compared to the control group (Figure 3E). Further, by
employing the Bio-Rad Stain-Free Western Blotting (BR-SFWB), fly
brain protein lysate was probed to quantify the level of TH protein
(BR-SFWB enables total protein normalization method and requires
no loading control). Results illustrate a reduction in brain TH protein
upon PQ treatment (15% depletion; Figure 3F). Immunostaining
together with western blotting, results elucidate that in the fly PD
model, though there is no loss in the number of DA neurons, the TH
protein synthesis is diminished suggesting the “neuronal dysfunction.”

PQ exposure diminishes brain DA and
enhances its oxidative turnover rate

TH is the rate-limiting enzyme in the synthesis of DA. Therefore,
to further understand the implication of diminished TH synthesis in
the brain, the DA level was also quantified (Figures 4A,B). The result
demonstrated that PQ exposure diminishes brain DA levels
(Figure 4C), which can be attributed to diminished TH synthesis
under PD conditions. Further, oxidative turnover of DA is also linked
with the onset of Parkinsonian symptoms. Therefore, downstream
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FIGURE 1

Assessing the climbing ability of Drosophila by negative-geotaxis assay after exposure to PQ: the climbing speed of flies within 12s was assayed.
Ingestion of 10mM PQ caused severe mobility defects after 24 (A) and 48 h (B) of exposure. Mobility defects enhanced with exposure duration, but no
mortality was observed for the exposure duration of 24 and 48 h. Hence, an exposure window of 24h was selected for further experiments. Unpaired
t-test reveals a significant reduction in mobility of PQ exposed fly compared to control. ***p<0.001.
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FIGURE 2

Demonstration of DAergic neurons in the whole fly brain: cartoon of Drosophila melanogaster brain illustrating the position of quantifiable DAergic
neurons (A) and image of the whole-brain mount of 5days old male Drosophila captured using ZEN software of Carl Zeiss Fluorescence Microscope
using fluorescently labeled secondary antibody targeted against the primary anti-TH antibody (B). In the fly brain, ~140 DAergic neurons (including
~100 neurons of the PAM cluster which cannot be quantified due to the high neuronal density) are arranged in different clusters in each hemisphere
The Scale bar of the brain image in the panel is 20pm (PAL, Proto-cerebral Anterior Lateral; PAM, Proto-cerebral Anterior Medial; PPL, Proto-cerebral
Posterior Lateral; PPM, Proto-cerebral Posterior Medial; VUM, Ventral Unpaired Medial)

""‘PPMI/Q

metabolites of DA, i.e., DOPAC and HVA levels were also assayed.
The result revealed that the neurotoxicant exposure promoted
DOPAC depletion which was not as much as DA depletion
(Figure 4C), whereas the HVA level was enhanced in the induced PD
condition (Figure 4C). This observation signified enhanced oxidative
turnover of DA under the induced PD condition (Figure 4D). Insight
suggests that the onset of Parkinsonian symptoms underlies the
depletion of TH synthesis in DAergic neurons contributing to
diminished DA levels in the fly brain. Further, such induced PD
conditions also promote oxidative turnover of DA.

Discussion

Two methods have been usually used in Drosophila models to
envisage the DAergic neuronal system: (1) anti-TH immunostaining
or (2) the targeted over-expression of a GFP reporter gene under the
control of either TH-GAL4 or Ddc-GALA4 transgenes. The pattern of
TH-GALA4 expression and anti-TH immunoreactivity in the adult
protocerebrum was originally described in Nassel and Elekes (1992)
and Friggi-Grelin et al. (2003) and further characterized by Mao and
Davis (2009) and White et al. (2010).

The negative geotaxis assay clearly shows a significant decrease in
climbing ability showing Parkinsonian symptoms which might
be induced by DAergic neurodegeneration (Figure 1). But, the
numbers of DAergic neurons remain unchanged as we count all the
clusters which is consistent with other studies (Meulener et al., 2005;
Navarro et al., 2014).

Loss of DAergic neurons per se in fly PD models has been an issue
of debate and it was re-evaluated in both the sporadic and genetic fly
models of PD and resolved that there is no loss of DAergic neurons;
however, there is a diminished level of TH synthesis (Navarro et al.,
2014). In the present method, we have used anti-TH immunostaining.
We found that the number of DAergic neurons in the whole fly brain
under PQ-induced PD condition remains unchanged. Nevertheless,
the FI of the secondary antibody which is targeted against the primary
anti-TH antibody is diminished suggesting decreased TH synthesis.
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Decreased TH protein synthesis is further confirmed through
western blotting.

Quantification of TH protein using whole brain immunostaining
reveals that it is about 30-35% depletion in the PQ-treated brain and
the western blotting result illustrates that it is a 15% reduction. The
observed variations in the level of TH depletion can be attributed to
the following reasons:

1. It can be due to the variation/limitation in the sensitivity levels
of the two methods.

2. Itis important to note that the quantification of FI was limited
to only five quantifiable clusters in the whole fly brain
(quantifiable five clusters together constitute ~40 neurons only
out of a total of ~140 DAergic neurons in one hemisphere of
the fly brain!~100 neurons of the PAM cluster cannot
be quantified due to the high neuronal density). Whereas
western blotting is done in whole brain protein lysate (that
includes all the DA neuronal clusters).

3. It is worth mentioning that it has been demonstrated in fly
models of PD that the extent DAergic neurodegeneration
varies among different DA neuronal clusters and degeneration
is also can be cluster-specific (Coulom and Birman, 2004;
Chaudhuri et al., 2007; Wang et al., 2007; Maitra et al., 2021;
Chaouhan et al., 2022).

This
neurodegeneration of DAergic neurons in the fly PD model. While

approach allowed us to accurately assess the
using this methodology, it was comprehended that the orientation of
the brains mounted for fluorescence microscopy could impact the
quantification of FI of DAergic neurons. Therefore, for an optimal
imagining of the DAergic neuronal clusters, neurons that confine to
the posterior protocerebrum were taken into consideration, and
slightly damaged or torn brains were not examined. In this study, all
brains were analyzed in the same orientation.

Auluck et al. (2002) studied both the paraffin sections and the
whole brain mount. They observed a change in the number of

DAergic neurons in the PPM1/2 cluster in the paraffin section which
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FIGURE 3
Characterization of DAergic neurodegeneration in the whole fly brain through anti-TH antibody immunostaining and quantification of brain TH
protein using western blotting: the image depicts the whole brain mount of the adult Drosophila under control and PQ-treated conditions (A) (CTR,
Control; TD, PQ-treated). Quantification of DAergic neurons reveals that the neuronal number remains unaffected (B,C), whereas the fluorescence
intensity (of fluorescently labeled secondary antibodies that target primary antibody anti-TH) is significantly decreased in all the clusters (D), and in
toto (E) between the control and treated group. The scale bar of the brain images in the panel is 20pm. (CTR, Control; TD, Treated with 10mM PQ;
Represented images are "merged” Z-stacking images; however, the quantification of DA neuronal number and fluorescence intensity is performed
in 3D Z-stack images; PAL, Protocerebral anterior lateral; PPL, Protocerebral posterior lateral; PPM, Protocerebral posterior medial). (F) Stain Free
Western Blot analysis shows a reduction of brain TH protein (15%) upon PQ treatment in the fly model of PD [Bio-Rad Stain-Free Western Blotting
using total protein normalization method (TPN) (M-protein ladder; CTR-control; PQ- paraquat treated)]. Statistical analysis was performed using a
t-test (compared to control). *p<0.05, **p<0.01, ***p<0.001; NS, not-significant

is not observed in the whole brain mount showing the unreliability
of the previous method. Using fluorescence microscopy,
we quantified both the DAergic neuronal number and FI. Results
reveal that FI was significantly down-regulated under PQ-induced

Frontiers in Neuroscience

conditions as compared with controls (Figure 3E). The result was
consistent with the observed FI of GFP reporter genes (Navarro
etal., 2014). Grasping the idea from their study, we have assessed the
neuroprotective efficacy of curcumin in the Drosophila model of PD
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Quantification of DA and its metabolites (DOPAC, HVA) in fly brain tissue extract using HPLC-ECD: the retention time of standard DA, DOPAC, and HVA
is shown in the chromatogram (A) and chromatogram for the fly head tissue extract shows the detected catecholamines (B). Quantification of the
brain-specific catecholamines revealed that PQ exposure for 24 h depleted brain DA and DOPAC levels, whereas the HVA level is significantly
enhanced (C). The result also revealed that in the induced PD condition there is a higher oxidative turnover of DA to its metabolites (DOPAC and HVA)
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(Ayajuddin et al., 2022), which indicates the reliability of the current
method of quantification.

TH is the rate-limiting enzyme for DA synthesis. Therefore, to
further validate the current methodology we also quantified the
levels of brain DA and its metabolites (DOPAC and HVA). The result
demonstrated that the induced PD condition depleted brain DA
levels (Figure 4C). Diminished brain DA level is a prime
characteristic of PD in human and PQ-induced animal models of
PD (Goldstein et al., 2011; Phom et al, 2014). It has been
demonstrated that oxidative turnover of DA to DOPAC and HVA
contributes to the onset of PD, owing to the neurotoxic nature of the
process (Zhang et al., 2019; Cao et al,, 2021). Observation in the
current study demonstrated that DA turnover is increased in the
induced PD condition (Figure 4D) which further explains the
enhanced oxidative stress and neurotoxicity under the induced PD
condition. Insights from the catecholamine quantification with the
HPLC-ECD method corroborate neurophysiological changes
associated with PD and further validate the reliability of the FI
quantification method.

Demonstration of mobility defects, reduced FI of DA neuronal
clusters, reduction in TH protein synthesis, depleted brain DA, and
enhanced DA turnover phenotypes illustrates the robustness of the
present method of quantification of DAergic neurodegeneration
through quantification of FI using fluorescence microscopy.

Fluorescence microscopy, on the other hand, is much simpler to
handle, easier to operate, and also gives precise results whereas
confocal microscopy is cumbersome and costlier. As we do not have
access to expensive confocal microscopy, we worked on and
developed this method which can be of use to neurobiologists
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working in fund-constrained academic institutions of
developing countries.

Through this assay, it is possible to characterize the incipient
DAergic neurodegeneration that will be of great support in following
the progression of the disease which is a critical necessity to screen
novel neuroprotective molecules, in order to develop smart and

successful therapeutic strategies.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary material, further inquiries can be directed
to the corresponding author.

Author contributions

MA, RC, and ZK performed experiments relating to whole-brain
immunostaining. MA, AD, and LP performed experiments relating to
the quantification of DA and its metabolites using HPLC-ECD. PM
performed experiments relating to the quantification of brain TH
protein through western blotting. AD conducted PQ treatments and
performed fly mobility experiments. MA, AD, PM, and RC involved
in acquisition, analysis of the data, and manuscript drafting. SY
contributed to conception and design of the study, obtained funding,
involved in interpretation of the data, manuscript revision, and
supervision. All authors contributed to the article and approved the
submitted version.

frontiersin.org


https://doi.org/10.3389/fnins.2023.1158858
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org

Ayajuddin et al.

Funding

This research was supported by the Department of Biotechnology
(DBT), India (R&D grant nos. BT/405/NE/U-Excel/2013 and BT/
PR16868/NER/95/328/2015) and the Science and Engineering
Research Board (SERB) of the Department of Science and Technology
(DST) India (R&D grant no. EMR/2016/002375, 27-3-2017). LP, MA,
PM, AD, and RC received the DBT-JRF (Junior Research Fellowship);
LP, PM, AD, and RC received DBT-SRF (senior research fellowship);
ZK received MANF (Maulana Azad National Fellowship) of the
Ministry of Minority Affairs, India; and MA and RC received ICMR
(Indian Council of Medical Research)-SRE.

Acknowledgments

SY thanks Stephan Schneuwly for the given opportunity as a
visiting scientist in his lab at the University of Regensburg, Germany
and acknowledges the support of Jose A. Botella (Univ. Regensburg,
Germany) and Juan A. Navarro (INCLIVA Biomedical Research
Institute— Universitat de Valéncia, Spain) in understanding the critical
methods of Drosophila neurobiology.

References

Auluck, P. K., Chan, H. Y., Trojanowski, J. Q., Lee, V. M., and Bonini, N. M. (2002).
Chaperone suppression of alpha-synuclein toxicity in a Drosophila model for Parkinson’s
disease. Science 295, 865-868. doi: 10.1126/science.1067389

Ayajuddin, M., Das, A., Phom, L., Koza, Z., Chaurasia, R., and Yenisetti, S. C. (2021).
“Quantification of dopamine and its metabolites in Drosophila brain using HPLC” in
Experiments with Drosophila for biology courses. eds. S. C. Lakhotia and H. A. Ranganath
(Bengaluru: Indian Academy of Sciences), 433-440.

Ayajuddin, M., Phom, L., Koza, Z., Modji, P, Das, A., Chaurasia, R., et al. (2022). Adult
health and transition stage-specific rotenone mediated Drosophila model of Parkinson’s
disease: impact on late-onset neurodegenerative disease models. Front Mol Neurosci.
15:896183. doi: 10.3389/fnmol.2022.896183

Barone, M. C,, Sykiotis, G. P., and Bohmann, D. (2011). Genetic activation of Nrf2
signaling is sufficient to ameliorate neurodegenerative phenotypes in a Drosophila model
of Parkinson's disease. Dis. Model. Mech. 4, 701-707. doi: 10.1242/dmm.007575

Bayersdorfer, E, Voigt, A., Schneuwly, S., and Botella, J. A. (2010). Dopamine-
dependent neurodegeneration in Drosophila models of familial and sporadic Parkinson’s
disease. Neurobiol. Dis. 40, 113-119. doi: 10.1016/j.nbd.2010.02.012

Bordet, G., Lodhi, N., Kossenkov, A., and Tulin, A. (2021). Age-related changes of
gene expression profiles in Drosophila. Genes 12:1982. doi: 10.3390/genes12121982

Botella, J. A., Bayersdorfer, E, Gmeiner, F, and Schneuwly, S. (2009). Modelling
Parkinson’s disease in Drosophila. Neuromolecular Med. 11, 268-280. doi: 10.1007/
512017-009-8098-6

Botella, J. A., Bayersdorfer, E, and Schneuwly, S. (2008). Superoxide dismutase
overexpression protects dopaminergic neurons in a Drosophila model of Parkinson’s
disease. Neurobiol. Dis. 30, 65-73. doi: 10.1016/j.nbd.2007.11.013

Cao, Y, Li, B,, Ismail, N., Smith, K., Li, T., Dai, R., et al. (2021). Neurotoxicity and
underlying mechanisms of endogenous neurotoxins. Int. J. Mol. Sci. 22:12805. doi:
10.3390/ijms222312805

Chaouhan, H. S, Li, X., Sun, K. T, Wang, I. K, Yu, T. M, Yu, S. H,, et al. (2022).
Calycosin alleviates Paraquat-induced neurodegeneration by improving mitochondrial
functions and regulating autophagy in a Drosophila model of Parkinson’s disease.
Antioxidants. 11:222. doi: 10.3390/antiox11020222

Chaudhuri, A., Bowling, K., Funderburk, C., Lawal, H., Inamdar, A., Wang, Z.,
et al. (2007). Interaction of genetic and environmental factors in a Drosophila
parkinsonism model. J. Neurosci. 27, 2457-2467. doi: 10.1523/
JNEUROSCI.4239-06.2007

Chen, L., and Feany, M. B. (2005). a-Synuclein phosphorylation controls neurotoxicity
and inclusion formation in a Drosophila model of Parkinson disease. Nat. Neurosci. 8,
657-663. doi: 10.1038/nn1443

Cooper, A. A, Gitler, A. D,, Cashikar, A., Haynes, C. M., Hill, K. ], Bhullar, B., et al.
(2006). Alpha-synuclein blocks ER-Golgi traffic and Rabl rescues neuron loss in
Parkinson's models. Science 313, 324-328. doi: 10.1126/science.1129462

Frontiers in Neuroscience

10.3389/fnins.2023.1158858

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fnins.2023.1158858/
full#supplementary-material

Coulom, H., and Birman, S. (2004). Chronic exposure to rotenone models sporadic
Parkinson’s disease in Drosophila melanogaster. J. Neurosci. 24, 10993-10998. doi:
10.1523/JNEUROSCI.2993-04.2004

Feany, M. B., and Bender, W. W. (2000). A Drosophila model of Parkinson’s disease.
Nature 404, 394-398. doi: 10.1038/35006074

Friggi-Grelin, E, Coulom, H., Meller, M., Gomez, D., Hirsh, J., and Birman, S. (2003).
Targeted gene expression in Drosophila dopaminergic cells using regulatory sequences
from tyrosine hydroxylase. . Neurobiol. 54, 618-627. doi: 10.1002/neu.10185

Goldstein, D. S., Sullivan, P., Holmes, C., Kopin, I. J., Basile, M. J., and Mash, D. C.
(2011). Catechols in post-mortem brain of patients with Parkinson disease. Eur. J.
Neurol. 18, 703-710. doi: 10.1111/j.1468-1331.2010.03246.x

Hernandez—Vargas, R., Fonseca-Ornelas, L., Lopez-Gonzalez, 1., Riesgo-Escovar, J.,
Zurita, M., and Reynaud, E. (2011). Synphilin suppresses a-synuclein neurotoxicity in a
Parkinson’s disease Drosophila model. Genesis 49, 392-402. doi: 10.1002/dvg.20740

Maitra, U, Harding, T., Liang, Q., and Ciesla, L. (2021). GardeninA confers
neuroprotection against environmental toxin in a Drosophila model of Parkinson’s
disease. Commun. Biol. 4:162. doi: 10.1038/s42003-021-01685-2

Mao, Z., and Davis, R. L. (2009). Eight different types of dopaminergic neurons
innervate the Drosophila mushroom body neuropil: anatomical and physiological
heterogeneity. Front. Neural Circuits. 3:5. doi: 10.3389/neuro0.04.005.2009

Menzies, F. M., Yenisetti, S. C., and Min, K. T. (2005). Roles of Drosophila DJ-1 in
survival of dopaminergic neurons and oxidative stress. Curr. Biol. 15, 1578-1582. doi:
10.1016/j.cub.2005.07.036

Meulener, M., Whitworth, A. J., Armstrong-Gold, C. E., Rizzu, P, Heutink, P,
Wes, P. D, et al. (2005). Drosophila DJ-1 mutants are selectively sensitive to
environmental toxins associated with Parkinson’s disease. Curr. Biol. 15, 1572-1577. doi:
10.1016/j.cub.2005.07.064

Nissel, D. R., and Elekes, K. (1992). Aminergic neurons in the brain of blowflies and
Drosophila: dopamine- and tyrosine hydroxylase-immunoreactive neurons and their
relationship with putative histaminergic neurons. Cell Tissue Res. 267, 147-167. doi:
10.1007/BF00318701

Navarro, J. A., Hebner, S., Yenisetti, S. C., Bayersdorfer, E,, Zhang, L., Voigt, A., et al.
(2014). Analysis of dopaminergic neuronal dysfunction in genetic and toxin induced
models of Parkisnon’s disease in Drosophila. J. Neurochem. 131, 369-382. doi: 10.1111/
jnc.12818

Park, J., Lee, S. B, Lee, S., Kim, Y., Song, S., Kim, S., et al. (2006). Mitochondrial
dysfunction in Drosophila PINK1 mutants is complemented by parkin. Nature 441,
1157-1161. doi: 10.1038/nature04788

Pesah, Y., Burgess, H., Middlebrooks, B., Ronningen, K., Prosser, J., Tirunagaru, V.,
etal. (2005). Whole-mount analysis reveals normal numbers of dopaminergic neurons
following misexpression of alpha-Synuclein in Drosophila. Genesis 41, 154-159. doi:
10.1002/gene.20106

frontiersin.org


https://doi.org/10.3389/fnins.2023.1158858
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fnins.2023.1158858/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnins.2023.1158858/full#supplementary-material
https://doi.org/10.1126/science.1067389
https://doi.org/10.3389/fnmol.2022.896183
https://doi.org/10.1242/dmm.007575
https://doi.org/10.1016/j.nbd.2010.02.012
https://doi.org/10.3390/genes12121982
https://doi.org/10.1007/s12017-009-8098-6
https://doi.org/10.1007/s12017-009-8098-6
https://doi.org/10.1016/j.nbd.2007.11.013
https://doi.org/10.3390/ijms222312805
https://doi.org/10.3390/antiox11020222
https://doi.org/10.1523/JNEUROSCI.4239-06.2007
https://doi.org/10.1523/JNEUROSCI.4239-06.2007
https://doi.org/10.1038/nn1443
https://doi.org/10.1126/science.1129462
https://doi.org/10.1523/JNEUROSCI.2993-04.2004
https://doi.org/10.1038/35006074
https://doi.org/10.1002/neu.10185
https://doi.org/10.1111/j.1468-1331.2010.03246.x
https://doi.org/10.1002/dvg.20740
https://doi.org/10.1038/s42003-021-01685-2
https://doi.org/10.3389/neuro.04.005.2009
https://doi.org/10.1016/j.cub.2005.07.036
https://doi.org/10.1016/j.cub.2005.07.064
https://doi.org/10.1007/BF00318701
https://doi.org/10.1111/jnc.12818
https://doi.org/10.1111/jnc.12818
https://doi.org/10.1038/nature04788
https://doi.org/10.1002/gene.20106

Ayajuddin et al.

Pesah, Y., Pham, T., Burgess, H., Middlebrooks, B., Verstreken, P, Zhou, Y., et al.
(2004). Drosophila parkin mutants have decreased mass and cell size and increased
sensitivity to oxygen radical stress. Development 131, 2183-2194. doi: 10.1242/dev.01095

Phom, L., Achumi, B., Alone, D. P, and Yenisetti, S. C. (2014). Curcumin’s
neuroprotective efficacy in Drosophila model of idiopathic Parkinson’s disease is phase
specific: implication of its therapeutic effectiveness. Rejuvenation Res. 17, 481-489. doi:
10.1089/rej.2014.1591

Phom, L., Ayajuddin, M., Koza, Z., Modji, P,, Jamir, N., and Yenisetti, S. C. (2021). “A
primary screening assay to decipher mobility defects due to dopaminergic
neurodegeneration in Drosophila” in Experiments with Drosophila for biology courses.
eds. S. C. Lakhotia and H. A. Ranganath (Bengaluru: Indian Academy of Sciences),
447-480.

Rai, P, and Roy, J. K. (2022). Rab11 regulates mitophagy signaling pathway of Parkin
and Pinkl in the Drosophila model of Parkinson's disease. Biochem. Biophys. Res.
Commun. 626, 175-186. doi: 10.1016/j.bbrc.2022.08.027

Sur, M., Dey, P, Sarkar, A, Bar, S., Banerjee, D., Bhat, S., et al. (2018). Sarm1 induction
and accompanying inflammatory response mediates age-dependent susceptibility to
rotenone-induced neurotoxicity. Cell Death Dis. 4:114. doi: 10.1038/s41420-018-0119-5

Trinh, K., Andrews, L., Krause, J., Hanak, T., Lee, D., Gelb, M., et al. (2010).
Decaffeinated coffee and nicotine-free tobacco provide neuroprotection in Drosophila

Frontiers in Neuroscience

10

10.3389/fnins.2023.1158858

models of Parkinson's disease through an NRF2-dependent mechanism. J. Neurosci. 30,
5525-5532. doi: 10.1523/JNEUROSCL.4777-09.2010

Trinh, K., Moore, K., Wes, P. D., Muchowski, P. ., Dey, J., Andrews, L., et al. (2008).
Induction of the phase II detoxification pathway suppresses neuron loss in Drosophila
models of Parkinson's disease. J. Neurosci. 28, 465-472. doi: 10.1523/
JNEUROSCI.4778-07.2008

Wang, C., Lu, R., Ouyang, X., Ho, M. W,, Chia, W,, Yu, E, et al. (2007). Drosophila
overexpressing parkin R275W mutant exhibits dopaminergic neuron degeneration and
mitochondrial abnormalities. J. Neurosci. 27, 8563-8570. doi: 10.1523/
JNEUROSCI.0218-07.2007

White, K. E., Humphrey, D. M., and Hirth, E. (2010). The dopaminergic system in the
aging brain of Drosophila. Front. Neurosci. 4:205. doi: 10.3389/fnins.2010.
00205

Whitworth, A. J., Theodore, D. A., Greene, J. C., Benes, H., Wes, P. D., and
Pallanck, L. J. (2005). Increased glutathione S-transferase activity rescues dopaminergic
neuron loss in a Drosophila model of Parkinson’s disease. Proc. Natl. Acad. Sci. U. S. A.
102, 8024-8029. doi: 10.1073/pnas.0501078102

Zhang, S., Wang, R., and Wang, G. (2019). Impact of dopamine oxidation on
Dopaminergic Neurodegeneration. ACS Chem. Neurosci. 10, 945-953. doi: 10.1021/
acschemneuro.8b00454

frontiersin.org


https://doi.org/10.3389/fnins.2023.1158858
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org
https://doi.org/10.1242/dev.01095
https://doi.org/10.1089/rej.2014.1591
https://doi.org/10.1016/j.bbrc.2022.08.027
https://doi.org/10.1038/s41420-018-0119-5
https://doi.org/10.1523/JNEUROSCI.4777-09.2010
https://doi.org/10.1523/JNEUROSCI.4778-07.2008
https://doi.org/10.1523/JNEUROSCI.4778-07.2008
https://doi.org/10.1523/JNEUROSCI.0218-07.2007
https://doi.org/10.1523/JNEUROSCI.0218-07.2007
https://doi.org/10.3389/fnins.2010.00205
https://doi.org/10.3389/fnins.2010.00205
https://doi.org/10.1073/pnas.0501078102
https://doi.org/10.1021/acschemneuro.8b00454
https://doi.org/10.1021/acschemneuro.8b00454

	Fluorescence microscopy-based sensitive method to quantify dopaminergic neurodegeneration in a Drosophila model of Parkinson’s disease
	Introduction
	Materials and methods
	Fly husbandry
	Chemicals
	Treatment of flies
	Negative geotaxis assay
	Immunostaining of the whole Drosophila brain
	Image acquisition
	Fluorescence intensity quantification
	Protein extraction from Drosophila brains
	Protein quantification
	Western blotting
	Bio-Rad proprietary stain-free western blotting
	Preparing the fly brain protein lysate for SDS-PAGE
	Membrane blocking and antibody treatment
	Quantification of DA and metabolites (DOPAC and HVA) using high-performance liquid chromatography with an electrochemical detector
	Data analysis

	Results
	PQ induces Parkinsonian symptoms as indicated by negative geo-taxis assay
	Fly model of PD shows no loss of DA neurons but depletion in TH synthesis: insights from whole brain immunostaining and western blotting
	PQ exposure diminishes brain DA and enhances its oxidative turnover rate

	Discussion
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	References



