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Abstract A number of environmental chemicals are known
to cause neurotoxicity to exposed organisms. Chromium (Cr),
one of the major elements in earth’s crust, is a priority envi-
ronmental chemical depending on its valence state, and limit-
ed information is available on its neurotoxic potential. We,
therefore, explored the neurotoxic potential of environmental-
ly present trivalent- (Cr(Ill)) and hexavalent-Cr (Cr(VI)) on
tested brain cell types in a genetically tractable organism
Drosophila melanogaster along with its organismal response.
Third instar larvae of w'//® were fed environmentally relevant
concentrations (5.0-20.0 pg/ml) of Cr(IIT)- or Cr(VI)-salt-
mixed food for 24 and 48 h, and their exposure effects were
examined in different brain cells of exposed organism. A sig-
nificant reduction in the number of neuronal cells was ob-
served in organism that were fed Cr(VI)- but not Cr(I1I)-salt-
mixed food. Interestingly, glial cells were not affected by
Cr(lIT) or Cr(VI) exposure. The tested cholinergic and dopa-
minergic neuronal cells were affected by Cr(VI) only with the
later by 20.0 pg/ml Cr(VI) exposure after 48 h. The locomotor
activity was significantly affected by Cr(VI) in exposed or-
ganism. Concomitantly, a significant increase in the level of
reactive oxygen species (ROS) coupled with increased oxida-
tive stress led to apoptotic cell death in the tested brain cells of
Cr(VI)-exposed Drosophila, which were reversed by vitamin
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C supplementation. Conclusively, the present study provides
evidence of environmental Cr(VI)-induced adversities on the
brain of exposed Drosophila along with behavioral deficit
which would likely to have relevance in humans and recom-
mends Drosophila as a model for neurotoxicity.

Keywords Hexavalent chromium - Dopaminergic neurons -
Cholinergic neurons - Oxidative stress - Locomotor activity -
Drosophila

Introduction

Prevalence of neurological adversities associated with envi-
ronmental chemical exposure is a concern nowadays. Effect of
environmental chemicals on neuronal health may eventually
affect an organism in multiple ways including dysregulation
of other organ systems such as digestive and respiratory sys-
tem, muscle movement, etc. [1-3] and various disorders such
as loss of memory, vision, uncontrolled muscle movement [4,
5], etc. In this context, a number of environmental chemicals
such as pesticides, herbicides, heavy metals, etc., are reported
to cause adverse neuronal health effects by inducing oxidative
stress [4—6].

Among environmental chemicals, chromium (Cr), a
heavy metal, is a priority environmental chemical depend-
ing on its oxidation state. It has diverse uses in industrial
sectors right from chrome plating to leather industries.
While hexavalent form of Cr (Cr(VI)) is reported as a hu-
man class I carcinogen, its trivalent form (Cr(IIl)) is re-
quired for glucose metabolism and is taken as a food sup-
plement [7]. Reduction of Cr(VI) to Cr(IIl) is a multistep
process by which various types of free radicals such as
superoxide (O, ), hydroxyl ((OH), hydrogen peroxide
(H,0,) [8], and reactive Cr intermediates (Cr(V), Cr(IV))
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are generated. The Cr intermediates themselves are oxi-
dants and form DNA adducts and various types of DNA
damage [9, 10]. In this context, Cr(VI) is reported to inhibit
various anti-oxidative enzymes such as thioredoxin (Trx),
peroxiredoxins (Prx), thioredoxin reductase (TrxR) [11],
catalase (CAT) [12], etc. Trx/Prx system is reported to have
a role in the brain since their overexpression in neurons
results in increased locomotor activity and longevity in
Drosophila with suppressed neurotoxicity [13].

Much of the earlier studies on Cr(VI) were focused on its
effect on lung and skin with limited studies on brain [14—18].
For example, intraperitoneal administration of Cr(VI)
(2.0 mg/kg b.w.) to rabbits resulted in alterations in their brain
[15]. Later, it was reported that this kind of alteration was
accompanied by the marked degeneration of the cerebral cor-
tex [16]. Moshtaghie et al. [17] have reported that Cr(VI)
inhibits catecholamines and acetylcholinesterase (AchE)
levels in the cerebellum, mid-brain, and brain cortex of rat in
a concentration-dependent manner. In another study, Cr(VI)
was shown to induce oxidative damage in the brain of rats
mainly in their cerebrum and cerebellum due to the inhibition
of AchE activity [18]. In matured cultured cerebellar granule
neuronal cells, Cr(VI) was shown to induce oxidative stress
that further led to apoptosis and rosmarinic acid, an anti-
oxidant, which was shown to rescue the exposed cells from
death [14]. On a positive note, Cr(IIl) supplementation in early
Alzheimer’s disease has been shown to improve cognitive
function in older humans [19]. Conversely, Cr(IIl) is reported
to act as a genotoxic agent by forming DNA adducts and
induces mutation in exposed organism/cells [10, 20].
However, available reports lack information about environ-
mental Cr(VI)- and Cr(Ill)-induced adversities on different
cell types of the brain in an organism wherein cross talk is
likely to occur in in vivo condition as a part of the complex
circuitry.

In order to have an insight on environmental Cr(VI)-
and Cr(IIl)-induced effects on different cells of brain,
Drosophila melanogaster was used as a tractable in vivo
model organism due to its well-studied genetics and devel-
opmental biology, and ~70 % of its genes share homology
with that in higher organisms including humans [21]. The
model raises limited ethical concern and is recommended
by the European Centre for the Validation of Alternative
Methods (ECVAM) in line with reduce, replace, and refine
(3Rs) [22] for toxicological studies and testing [23, 24]. In
recent years, several human neurodegenerative diseases
have been modeled in this organism to understand the
pathophysiological pathways towards the development of
therapeutics [5, 25].

The present study, therefore, aims to examine environmen-
tal Cr(IlT)- and Cr(VI)-induced effects on Drosophila larval
brain by targeting different brain cell types by using cell-
specific markers.

Materials and Methods

Fly Strains

A D. melanogaster mutant, w!18 was used for the study
since the same fly stock has been extensively utilized as a
genetic background strain to generate thousands of trans-
poson insertion lines, deficiency, and RNAI lines. Brain
cell-specific driver lines: Elav-GAL4 (pan neuronal driver),
ChAT-GAL4 (cholinergic neuronal driver), Repo-GAL4
(glial cell driver), UAS-GFP (reporter line which expresses
green fluorescence protein), and Ddc-GAL4:UAS-GFP
(driver line having the promoter of DOPA decarboxylase
gene, a marker of dopaminergic neurons, tagged with GFP)
were also used. All flies and their different developmental
stages were maintained at 24+1 °C on standard
Drosophila food medium consisting of agar, corn flour,
sugar, yeast, nepagin, and propionic acid. Additional yeast
supplement was provided for the healthy growth of the
organisms.

Treatment Schedule

Analytical grade potassium dichromate (K,Cr,O-) and chro-
mium chloride (CrCl5.6H,0) (HIMEDIA Laboratories Ltd.,
Mumbai, India) were used for the study. Based on previously
published reports [26-28], three different concentrations of
Cr(VD) (5.0, 10.0, and 20.0 pg/ml in terms of Cr), which have
environmental relevance and two exposure periods, i.e., 24
and 48 h were chosen. In parallel, the same concentrations
for Cr(IlI) were used. Ascorbic acid (vitamin C; 15.0 pg/ml;
Sisco Research Laboratories Pvt. Ltd., Mumbai, India) was
used as an anti-oxidant. Larvae of 80+1 and 56+1 h were
fed on Cr(IIl)- or Cr(VI)-salt-contaminated food for the
above-mentioned periods. The control group received normal
food.

Total Chromium Estimation

Quantitative estimation of total Cr was performed in the
brain ganglia of Drosophila larvae that were fed food con-
taminated with Cr(VI)- or Cr(IIl)-salt (5.0, 10.0, and
20.0 pg/ml in terms of Cr) for 48 h. Dissected out brain
ganglia (~0.5 gm) from Drosophila larvae were incubated
overnight with 5.0 ml HNO3/HCIO4 (6:1) mixture and then
heated at 100 °C on a hot plate. The obtained residue after
heating was dissolved in 5.0 ml of 1 % 1 N HNO; and
analyzed for Cr. The concentration of Cr was estimated
using an Atomic Absorption Spectrometer (ZEEnit 700 P,
Flame and Graphite Furnace, Analytic Jena AG, Konrad-
Zuse-Strasse, Germany).
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Immunohistochemical Staining

Brain ganglia isolated from the larvae of control and treated
groups (20 larvae/group) were placed in 1x phosphate-
buffered saline (PBS; 17.5 mM NaCl, 8.41 mM Na,HPO,,
1.86 mM NaH,PO,, pH ~7.4). They were first fixed in 4 %
paraformaldehyde (PFA) for 20 min and then washed three
times with 0.1 % PBST (1x PBS+0.1 % TritonX100) for
5 min each. The fixed tissues were first incubated with 4 %
bovine serum albumin (BSA) for 1 h to prevent non-specific
binding of antibody followed by their incubation overnight
with different primary antibodies, viz., anti-Elav (pan neuro-
nal cell marker protein; anti-rat, 1:100; Developmental
Studies Hybridoma Bank, IA, USA), anti-Repo (glial cell
marker protein) and anti-ChAT (cholinergic neuronal cell
marker protein; anti-mouse, 1:100; Developmental Studies
Hybridoma Bank, IA, USA), and anti-TH (dopaminergic neu-
ronal cell marker protein; anti-rabbit, 1:100; a kind gift from
Dr. W. Neckameyer, St. Louis University, Missouri, USA), in
4 % BSA at 4 °C. After washing with 1x PBS, the brain
ganglia were incubated with Alexa-488 conjugated secondary
antibodies (anti-mouse, anti-rat, and anti-rabbit, 1:200;
Invitrogen, Eugene, Oregon, USA) in 4 % BSA for 2 h at
25+2 °C. Finally, after washing, brain ganglia were mounted
on slides by using Vectashield mounting medium containing
nuclear stain DAPI (Vector Laboratories, Burlingame, CA,
USA). They were visualized under a Leica TCS-SPE con-
focal microscope (Nussloch, Germany) and captured im-
ages were processed using Adobe Photoshop 7.0 software.
The intensity of the signal was analyzed by Imagel soft-
ware (NIH) and average intensity of 20 images of brain
cells from each group by subtracting their negative control
was recorded.

Assessment of Apoptosis
Preparation of Cell Suspension

Single cell preparation was done essentially following the
method of Howell and Taylor [29] with minor modifications.
In brief, brain ganglia were dissected out from the control and
treated larvae (20 nos/group) of Drosophila in Poels’ salt so-
lution (PSS; 14.72 mM NaCl, 42.0 mM KCl, 7.89 mM CaCl,-
2H,0, 7.34 mM KHCO;, 20.81 mM MgSO,4-7H,0, pH 7.0)
[30]. Dissected tissues were taken in a microcentrifuge tube
containing PSS. They were treated with 400 pl of collagenase
(0.5 mg/ml in 1x PBS; Type VIII, Sigma, USA) for 15 min at
24+1 °C with gentle intermittent mixing. Dissociated and
unclamped cells were collected after collagenase-treated tis-
sues were passed through a 60-um nylon mesh. Thereafter,
these cells were washed gently with 1x PBS, pH 7.4 three
times.
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Trypan Blue Dye Exclusion Test

Cell viability and their number was measured by trypan blue
dye exclusion test essentially following the method of Phillips
[31]. Briefly, to 10.0 pul of single cell suspension of brain
tissue, 10.0 pl trypan blue (0.02 % in 1x PBS, pH 7.4) solu-
tion was added and immediately scored for trypan blue-
positive cells using a hemocytometer.

Apoptosis Estimation by Flowcytometry

The percentage of apoptosis was determined by monitoring
the translocation of phosphatidylserine to the cell surface
using an Annexin V-FITC apoptosis detection kit (Sigma,
UK) essentially following the manufacturer’s instructions.
Cells were analyzed for Annexin V-FITC and propidium io-
dide (PI) double staining by a Becton Dickerson Flow
Cytometer (BD Biosciences, New Jersey, USA). The FITC
signal was detected at 518 nm and PI was detected at
620 nm. The data were analyzed using cell quest software
(Mac OS 8.6) and 10,000 events were counted per sample.

Determination of DEVDase Activity

(a) Biochemical method: DEVDase activity was measured
in the larval brain ganglia using caspase-3 colorimetric
assay kit according to the manufacturer’s instructions. In
brief, brain ganglia from control and treated larvae (40
nos/group) were homogenized in 1x PBS (pH 7.4) con-
taining 0.15 M KCI. Thereafter, it was mixed with 1x
assay buffer and the caspase-3 substrate. The reaction
mixture was incubated at 37 °C for 1.5 h.
Spectrophotometric detection of the chromophore p-
nitroaniline (pNA) at 405 nm was measured on a plate
reader (Molecular Devices, LLC, CA, USA), and the
caspase activity was calculated in terms of micromoles
of pNA released per minute per milligram of protein.

(b) In vivo imaging method: cleaved caspase level in differ-
ent brain cells was studied by immunohistochemical
staining using different brain cell-specific marker anti-
bodies (anti-Elav, anti-Repo, anti-ChAT) along with
anti-cleaved caspase-3 antibody (a marker for apoptosis;
anti-rabbit, 1:100; Cell Signaling Technology, MA,
USA) by confocal microscopy (methodology stated in
“Immunohistochemical staining”). For dopaminergic
neurons, brain ganglia from Ddc-GAL4:UAS-GFP lar-
vae (control and treated) were immunostained with
anti-cleaved caspase-3 antibody (incubation step and
secondary antibody staining same as above in
“Immunohistochemical staining”). Finally, brain ganglia
were visualized under a Leica TCS-SPE confocal micro-
scope (Nussloch, Germany) and captured images were
processed using Adobe Photoshop 7.0 software.
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Determination of Mitochondrial Membrane Potential (AWY)

(a) Biochemical method: depolarization of mitochondrial
membranes was analyzed by a fluorochrome, 5,5',6,6
tetrachloro-1,1",3,3'-tetraethyl benzimidazolyl
carbocyanine iodide (JC-1, Invitrogen, USA). In polar-
ized mitochondria, JC-1 forms aggregates and emits red
fluorescence. When mitochondria get depolarized, JC-1
changes into monomeric form and emits green fluores-
cence. Briefly, single cell suspension of brain ganglia
from control and treated groups were incubated with
10.0 pg/ml JC-1 dye for 10 min at 24+1 °C following
the method reported earlier [32]. After washing the cells
in 1x PBS, fluorescence was measured on a plate reader
(Molecular Devices, LLC, CA, USA) at an excitation/
emission wavelength of 530/590 nm (red) and 485/
538 nm (green), respectively, to determine the shift in
the fluorescence spectra. The fluorescence intensity was
normalized to the number of cells. Mitochondrial depo-
larization was indicated by a shift from red to green fluo-
rescence intensity ratio.

(b) Invivo imaging method: in vivo imaging was performed
by confocal microscopy following the method of Hwang
et al. [33]. Briefly, the brain ganglia from control and
treated groups were stained with 20.0 pg/ml JC-1 dye
for 10 min at 2441 °C in dark. After two washings with
1x PBS for 5 min each, tissues were mounted in 1x PBS.
Finally, brain ganglia were visualized under a Leica
TCS-SPE confocal microscope (Nussloch, Germany)
and captured images were processed using Adobe
Photoshop 7.0 software.

Climbing Assay

The locomotor performance was assayed as described previ-
ously by Feany and Bender [34]. One hundred adult male flies
(20 flies/vial, 5 vials/group) per group were subjected to the
assay. Drosophila larvae of 561 h were fed different con-
centrations of Cr(VI)-salt-mixed (5-20 pug/ml) Drosophila
food till 48 h and left on normal food till their emergence.
Five-day-old flies were used for the said experiment [35]. In
brief, flies were allowed to get acclimatized with their envi-
ronment for 1 min after gentle tapping to the bottom of a
vertical plastic tube (18 %2 cm). The number of flies that
crossed the 15-cm line within 30 s from the time they were
tapped to the bottom of the vials was scored. Locomotor per-
formance was measured in terms of percentage of flies that
crossed the 15-cm line among the total number of flies per
experiment. For each experiment, a performance index (PI)
was calculated using values for flies that moved above
15 cm (ntop) and that remained below 15 cm (nbot) after
30 s and the total number of flies (ntot) and formulae 1/2[(ntot

+ ntop + nbot)/ntot]. Results were expressed as mean+SD of
the scores obtained from three independent experiments.

Jumping Assay

For examining neuromuscular activity, jumping activity assay
was performed. The treatment schedule similar to the climbing
assay was followed. The threshold for the jumping response
appears to be related to the speed of locomotor activity. For
this, flies, one at a time, were transferred to a vial marked 1—
10 cm. Distance jumped by the fly was recorded from the
bottom of the vial, and the average number of jumps in five
replicates was taken as the jumping activity essentially follow-
ing the method reported previously [35]. One hundred flies
per group with five replicates for each group were used.

Assay of Oxidative Stress Parameters

In order to measure oxidative stress endpoints, different reac-
tive oxygen species (ROS) along with activities of superoxide
dismutase (SOD), CAT, TrxR and glutathione (GSH) content,
protein carbonylation (PC), and lipid peroxidation (LPO)
product were assayed in 10 % homogenate of brain ganglia
from control and treated larvae. In brief, brain ganglia from
control and treated groups (80 larvae/group) were homoge-
nized in cold 1x PBS (pH 7.4) containing 0.15 M KClI follow-
ed by centrifugation at 12,000xg for 10 min. The supernatant
obtained was used for various assays.

Measurement of ROS and Reactive Nitrogen Species Levels

The levels of total ROS was measured in the homogenate of
larval brain ganglia from control and Cr(VI)-salt fed groups
using 2',7'-dihydrofluorescein diacetate (H,DCFDA;
Invitrogen, USA) following the method reported earlier [36]
with minor modifications. Briefly, to 10 % brain ganglia ho-
mogenate, the dye was added to a final concentration of
10 uM and incubated for 1 h in the dark at 24+1 °C. The
mixture was then placed on a microplate reader (Molecular
Devices, LLC, CA, USA) for fluorescence quantification at an
excitation/emission wavelength of 495/519 nm. The mean
fluorescence intensity was used for the estimation of ROS
level in each sample. Three samples from each group were
analyzed in triplicates.

H,DCFDA was used as a measure for general index of
cellular oxidative stress [37]. Since H,DCFDA can be oxi-
dized by H,O, as well as other oxidants (-OH, ONOO )
[37], the fluorescence measurement against ROS level may
include the possible involvement of other oxidant species.
Cr(VI) was reported to generate a wide spectrum of free rad-
icals such as ‘OH, ONOO , and H,O, (reviewed by Jomova
and Valko [38]) and therefore, dihydrorhodamine 123 (DHR)
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and dihydroethidium (DHE) dyes were used for the estimation
of ONOO and O, levels, respectively.

Measurement of ONOO™ Level ONOO  level in Drosophila
larval brain ganglia was monitored by using DHR (Invitrogen,
USA) as described previously [39]. The conversion of non-
fluorescent DHR to rhodamine, a fluorescent product after its
oxidation with ONOQO, was measured at an excitation/
emission wavelength 0f 485/535 nm using a microplate reader
(Molecular Devices, LLC, CA, USA). Briefly, 10 % brain
ganglia homogenate from control and treated groups were
incubated in 20 uM DHR (dissolved in 1x PBS) for 10 min
at 24+ 1 °C. The mean fluorescence intensity was used as a
measure of ONOO  generation. Three samples from each
group were analyzed in triplicates.

Measurement of O,  Level The level of superoxide was
measured in the brain ganglia with DHE (10 uM;
Invitrogen, USA) as described previously [40]. Briefly, 10 %
brain ganglia homogenate from control and treated groups
were incubated in 10 uM DHE (dissolved in 1x PBS) for
30 min at 24+1 °C. Oxidation of DHE (excitation/emission
535/610 nm; blue fluorescence) into ethidium (E*; excitation/
emission 370/420 nm; red fluorescence) was measured using a
microplate reader (Molecular Devices, LLC, CA, USA). The
ratio of E*/DHE fluorescence intensity was calculated as an
index of O, generation.

In vivo detection of O, level was performed by using
DHE dye following the method as described previously
[41]. Briefly, brain ganglia from control and treated groups
(Elav-GAL4>UAS-GFP, Repo-GAL4>UAS-GFP, ChAT-
GAL4>UAS-GFP, Ddc-GAL4:UAS-GFP) were dissected out
in Schneider’s insect medium (HiMedia Laboratories Pvt.
Ltd., Mumbai, India), and they were incubated with 30 uM
DHE in dark at 2441 °C for 10 min. After washing with 1x
PBS, tissues were imaged under a Leica TCS-SPE confocal
microscope (Nussloch, Germany). At least ten brain ganglia
from each group were analyzed by using Image] software
(NIH).

Measurement of Anti-oxidant Defense Enzymes

SOD (Superoxide/Superoxideoxidoreductase EC 1.15.1.1)
Activity Assay For the determination of SOD activity, bio-
chemical assay was performed following the method de-
scribed earlier [42] with minor modification [24]. The reaction
mixture consists of 25.0 pl of 10 % brain ganglia homogenate,
1.2 ml (0.052 M) sodium pyrophosphate buffer (pH 8.3),
1.175 ml of doubled distilled water, 0.1 ml of 186 uM
phenazinemethosulphate, and 0.3 ml of 300 uM
nitrobluetetrazolium. In order to start the reaction, 0.2 ml of
780 uM reduced nicotinamide adenine dinucleotide was
added and the reaction was stopped by the addition of
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1.0 ml glacial acetic acid. Finally, the colored product was
extracted using 4.0 ml of n-butanol. Enzyme concentration
required for the 50 % inhibition of chromogen production
(optical density at 560 nm) was considered as 1 unit of en-
zyme activity, and results were expressed as specific activity
in units per minute per milligram of protein. Standards and
tissue homogenates were assayed in triplicate.

CAT (H,0,/H,0, Oxidoreductase EC 1.11.1.6) Activity
Assay CAT activity was measured by following its ability to
split H,O, within 1 min of incubation time. The reaction mix-
ture consists of 25.0 pl of 10 % brain ganglia homogenate,
1.0 ml (0.01 M) sodium phosphate buffer (pH 7.0), 0.475 ml
of doubled distilled water, and 0.5 ml of (0.2 M) H,O,. The
reaction was then stopped by adding dichromate/acetic acid
reagent, and the remaining H,O, was determined by measur-
ing chromic acetate at 570 nm, which is formed by reduction
of dichromate/acetic acid in the presence of H,O, as described
carlier [43]. The results were expressed as micromoles of
H,0, per minute per milligram of protein. Standards and tis-
sue homogenates were assayed in triplicate.

TrxR Activity Assay The activity of TrxR, a substitute for
Drosophila glutathione reductase (GR), was measured follow-
ing a published method [44] with minor modifications.
Briefly, to a 10 % homogenate of brain ganglia, potassium
phosphate and ethylenediamine tetraacetic acid (EDTA;
pH 7.4) was added. After an oxidation step in the presence
of reduced nicotinamide adenine dinucleotide (NADPH) and
5,5-dithiobis(2-nitrobenzoate) (DTNB), TrxR activity in the
sample was assessed at an absorbance of 412 nm. The results
were expressed as nanomoles of NADPH oxidized per minute
per milligram of protein using a molar extinction coefficient of
13.6 mM ' cm L.

S 4907 B3 Opg/ml B2 Spg/ml E3 10 pg/mli D 20 pg/ml
£ e
=) sy
£ 30
g
‘E 20- i
o e ——
= x5
© 104 s xx
8 *
O
F oA s ormenit
Cr(vl) cr(ln)

Fig. 1 Level of Cr in the brain ganglia of Cr(VI)- or Cr(IIl)-salt-mixed
food fed D. melanogaster (w'''®) larvae. Graphical representation of total
Cr present in the brain ganglia of w'/’® larvae after they were fed Cr(VI)-
or Cr(Ill)-salt-mixed food for 48 h. Note a significantly higher burden of
Cr in the brain ganglia of organism that were fed Cr(VI)-salt as compared
with that in Cr(III)-salt fed organism after 48 h. Significance ascribed as
#p < 0.05; **p<0.01; **¥p<0.001 vs control; *p<0.05; #p<0.01;
###) < 0.001 vs Cr(IIL)
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GSH Content

GSH content was estimated using Ellman’s reagent by follow-
ing the method by Ellman [45]. Reduced GSH was used as an
external standard. Briefly, 0.5 ml of 10 % brain ganglia ho-
mogenate and 0.5 ml of 5 % Trichloro acetic acid (TCA) were
mixed and centrifuged at 2500xg for 10 min. The obtained
supernatant was mixed with 0.3 ml of 0.2 M phosphate buffer
(pH 8.0) and 2.5 ml of 0.01 % DTNB. The reaction was
monitored at 412 nm using a spectrophotometer
(SPECORD®210 PLUS, Analytic Jena AG, Konrad-Zuse-

a 0 pug/ml

DAPI

W
(=]
1

*%x%x

20 -

10

(Arbitrary Unit)

Fluorescence intensity o

0-

Cr(Vl) (24 h)

Fig. 2 Decreased Elav fluorescence in the neuronal cells of the brain
ganglia of Cr(VI)- but not in Cr(IlI)-salt-mixed food fed w8 larvae.
Representative confocal images of Elav (green) antibody-stained brain
ganglia from control and in organism that were fed Cr(VI)-salt-mixed
food for 24 and 48 h or Cr(Ill)-salt-mixed food for 48 h (a). Bar,

20 pg/ml Cr(VI) 24 h

.-.-____.$ B

Strasse, Germany). GSH content was calculated using the
standard GSH curve and expressed as nmoles/mg protein.

PC Content

PC content was determined essentially following the method
of Levine et al. [46] with minor modifications. In brief, two
equal aliquots (0.1 ml) of 10 % brain ganglia homogenate
were taken, one was treated with an equal volume of 2,4-
dinitrophenyl hydrazine (DNPH; 10.0 mM dissolved in
2.0 M HCI; test sample) and the other with 2.0 M HCl (blank).

20 pg/ml Cr(VI) 48 h

20 pg/ml Cr(lll) 48 h

E3a 0 ug/mi
&3 5 ug/mi
= 10 pg/mi
@ 20 pg/mi

= =5 *k*

Cr(V) (48 h)

cr(lll) (48 h)

100 pm. For each group, 20 brain hemispheres were examined.
Graphical representation of fluorescence intensity measured by Image]
for the detection of Elav (b). Significance ascribed as *p < 0.05;
**p<0.01; ***p<0.001 vs control; #p<0.05; ##p<0.01;
###p < 0.001 vs Cr(III)
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After 1 h incubation, 0.2 ml of 20.0 % TCA was added for
precipitation and for subsequent extraction with ethanol:-
ethylacetate mixture (1:1) three times. The pellets obtained
were then dissolved in 1.0 ml of 6.0 M guanidine hydrochlo-
ride at 37 °C. The absorbance of the DNPH treated sample vs
the HCI blank was determined at 370 nm on a spectrophoto-
meter (SPECORD®210 PLUS, Analytic Jena AG, Konrad-
Zuse-Strasse, Germany). PC content was expressed in terms
of nmoles DNPH incorporated/mg protein based on molar
absorption coefficient of 22,000 M ' cm ™!

Assay for LPO

Generation of malondialdehyde (MDA) as an intermediate dur-
ing LPO was measured using tetracthoxypropane as an external
standard [47]. The assay mixture was prepared using 25.0 pl of
10 % brain ganglia homogenate, 0.15 ml of 10 % SDS, 0.825 ml
of doubled distilled water, and 1.0 ml of 20 % acetic acid (pH
3.5) and kept at 25+2 °C for 5 min. Then 1.0 ml of 0.8 %
thiobarbituric acid (TBA) was added. The mixture was kept in

Fig. 3 Repo immunostaining of 0 pg/ml
glial cells in the brain ganglia of
Cr(VI)- or Cr(IlI)-salt-mixed food
fed w5 larvae. Representative
confocal images of Repo (green)
antibody-stained brain ganglia
from control and in organism that
were fed Cr(VI)-salt-mixed food
for 24 and 48 h or Cr(IIl)-salt-
mixed food for 48 h (a). Bar,

100 um. Graphical representation
of fluorescence intensity
measured by Image] for the
detection of Repo (b).
Significance ascribed as
*p<0.05; **p<0.01;

##%p <(0.001 vs control;
#p<0.05; ##p < 0.01;

###p < 0.001 vs Cr(III)

Repo

Merged

Fluorescence intensity
(Arbitrary Unit)

0.0

boiling water for 1 h. Finally, the color was extracted using 3 ml
of n-butanol and MDA content was expressed in terms of
nanomoles of MDA formed per hour per milligram of protein.

Assay for Acetylcholinesterase Activity

AchE activity was measured essentially following the method
of Ellman et al. [48] with minor modifications. In brief, larval
brain ganglia (50 nos.) or adult brain (50 nos.) from control
and treated groups were homogenized in 50 mM N-(2-
hydroxyethyl)piperazine-N'-(2-ethane sulfonic acid) sodium
salt buffer containing a protease inhibitor. The supernatant,
obtained after centrifugation (10,000xg for 15 min), was
mixed with phosphate buffer, DTNB, and acetyl thiocholine
iodide. AchE catalyzes the hydrolysis of acetylthiocholine to
acetate and thiocholine which on reaction with DTNB gives a
yellow color product. Its absorbance was measured at 412 nm
for 5 min at intervals of 30 s. AchE activity was expressed in
terms of millimoles of substrate hydrolyzed per minute per
milligram of protein.
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Fig. 4 Decreased ChAT fluorescence and AchE activity in the brain
ganglia of Cr(VI)- but not in Cr(IlI)-salt-mixed food fed w8 larvae.
Representative confocal images of ChAT (green) antibody stained brain
ganglia from control and in organism that were fed Cr(VI)-salt mixed
food for 24 and 48 h or Cr(Ill)-salt-mixed food for 48 h (a). Bar,

100 um. Graphical representation of fluorescence intensity measured by
Image] for the detection of ChAT (b). A histogram showing decreased
AchE activity in the brain ganglia of Cr(VI)- but not in Cr(IlI)-exposed
organism (c¢). Significance ascribed as *p < 0.05; **p<0.01;
*#%p <0.001 vs control; #p < 0.05; ##p < 0.01; ###Hp < 0.001 vs Cr(III)
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Protein Estimation

Protein content in control and treated samples was estimated
by the method of Lowry et al. [49] using BSA as the standard.

Statistical Analysis

Different parameters were monitored in control and exposed
organisms. Analysis of variance was carried out to find out the
significant differences in means considering each end point as
dependent variable and concentrations (5.0, 10.0, and 20.0 pg/
ml) as the independent variable. Prior to analysis, normality
assumption of the data and homogeneity of variance among
different groups were tested and data were found to hold the
above two assumptions. The results of the different treatment

Fig. 5 Reduced number of a
dopaminergic neurons in the brain
ganglia of Cr(VI)- but not in
Cr(IID)-salt-mixed food fed w/’®

larvae. Representative confocal

images of TH (green) antibody-

stained brain ganglia from control DTH
and in organism that were fed
Cr(VI)-salt mixed food for 24 and
48 h or Cr(IlI)-salt-mixed food for
48 h (a). Bar, 100 um.
Quantitative representation of
average number of dorso-lateral
(DL; indicated by yellow arrow)
and dorso-medial (DA, indicated
by white arrow) neurons in
dopaminergic clusters of control,
Cr(VI)- and Cr(IIl)-exposed
organism wherein cells were
affected at 20.0 pg/ml Cr(VI)
after 48 h (b). Significance
ascribed as *p < 0.05 vs control;
#p <0.05 vs Cr(I1I)

(o3

- -
(=] v
1 1

(5

No. of dopaminergic
cells

o
L

0 pg/ml
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groups were compared with control using two-way analysis of
variance (ANOVA) followed by Bonferroni post-tests to com-
pare replicate means by row. A value of p<0.05 was consid-
ered statistically significant. Graphpad Prism 5.0 software
(San Diego, CA, USA) was used for analysis.

Results

Estimation of Cr Uptake in the Brain of Exposed
Drosophila Larvae

To examine the effect of environmental Cr(VI) or Cr(III) expo-
sures through food on the brain tissue of Drosophila, total Cr
estimation was performed in control and treated groups. A

20 pgiml Cr(VI) 24 h

5.0 10.0

Cr(VI) (ug/ml), 24 h
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concentration-dependent increase in Cr burden was observed in
the brain of Drosophila that were fed food mixed with Cr(VI)-
salt (a maximum increase of ~294 % in Cr burden at 20.0 pg/
ml Cr(VI) after 48 h in comparison with control). On the other
hand, burden of Cr in the brain of the organisms that were fed
Cr(IIT)-salt contaminated food was significantly higher at 10.0
and 20.0 pg/ml of Cr(Il) in comparison with respective con-
trol. However, the same was ~125 and ~237 % less when
compared with similar tested concentration of Cr(VI) (Fig. 1).

Effect of Cr(VI) and Cr(III) on Brain Cell Marker
Proteins in Exposed Drosophila Larvae

Figure 2a shows representative confocal images from the op-
tical sections of the brain ganglia from control and Cr(VI)- or
Cr(IlI)-salt-mixed food fed larvae. Elav being a pan neuronal

marker protein would provide the status of neuronal cells [50].
Immunostaining of the brain ganglia with Elav antibody
showed significantly (»p<0.001) weak fluorescence in the
neuronal cells of Drosophila larvae that were fed Cr(VI)-salt
mixed food in a concentration- and time-dependent manner;
whereas, no appreciable change in Elav immunostaining was
observed in the brain ganglia of larvae that were fed Cr(III)-
salt-mixed food even at its highest tested concentration after
48 h (Fig. 2a, b).

The other major cell type of the brain is glial cells that
provide support and nutrition to the neurons. However, these
cells were not found to be significantly (p> 0.05) affected
when larvae were fed Cr(VI)- or Cr(IIl)-salt-mixed food.
This was evidenced by comparable immunofluorescence of
glia among control and treated groups after their staining with
anti-Repo antibody (Fig. 3a, b).
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Fig. 6 Increased levels of free radicals and oxidative stress in the brain
ganglia of Cr(VI)-salt mixed food fed w’/’® larvae. Graphical
representation of total ROS (a), ONOO™ (b), and O, levels (c) in the
brain from control and in organism that were fed Cr(VI)-salt-mixed food
for 24 and 48 h by measuring fluorescence using H,DCFDA, DHR, and
DHE dyes, respectively. Data represent mean+SD (n=3; 80 larvae in
each replicate). Graphical representation of superoxide dismutase (SOD),

Cr(VI) (ng/ml)

Cr(V1) (ng/ml)

catalase (CAT), and thioredoxin reductase (7rxR) activities (d—f) and
glutathione (GSH) (g), malondialdehyde (MDA) (h), and protein
carbonyl (PC) content (i), respectively, in the brain ganglia from control
and in organism that were fed Cr(VI)-salt-mixed food for 24 and 48 h.
Statistically significant differences ascribed as *p < 0.05; **p<0.01;
*##%p <(0.001 vs control
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Subsequently, the status of cholinergic or dopaminergic
cells were assessed in control and exposed organism by im-
munostaining their brain with anti-ChAT and anti-TH antibod-
ies. AchE activity was also measured. A significantly

a EIaV-GA L4>UAS-GFP

0 pg/ml

20 pg/mi
Cr(Vl)48 h

b ChAT-GAL4>UAS-GFP DHE

- . .-
- . ..

20 pg/ml

C Ddc-GAL4:UAS-GFP

o . ..
- . . .

20 pg/ml

d Repo-GAL4>UAS-GFP  DHE

0 pg/ml

20 pg/ml

Fig. 7 Increased in vivo O, levels in the brain ganglia of Cr(VI)-salt-
mixed food fed w'//® larvae. Representative confocal images of DHE-
stained brain ganglia from control and in organism that were fed
20.0 pg/ml Cr(VI)-salt-mixed food for 48 h. Extreme right represents
overlay images of DHE (blue) staining, its oxidation product E* (red) in

@ Springer

(»<0.001) weak ChAT fluorescence was observed in the
brain ganglia of organisms that were fed Cr(VI)-salt-mixed
food in a concentration-dependent manner (Fig. 4a, b) along
with a concentration- and time-dependent decrease (~4.5-

Merged

GFP-tagged different brain cell types viz., Elav-GAL4>UAS-GFP
(neuronal cells) (a), Ddc-GAL4.:UAS-GFP (dopaminergic cells) (b),
ChAT-GAL4>UAS-GFP (cholinergic cells) (c), and Repo-GAL4>UAS-
GFP (glial cells) (d). Note that higher red fluorescence in different
brain cell types except in glial cells show higher ROS levels in them
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fold) in AchE activity (Fig. 4c). Both these end points were
insignificantly (p> 0.05) changed in organisms that were fed
Cr(Ill)-salt-mixed food (Fig. 4a—c).

The larval dopaminergic neuronal system consists of 8-
dorso-medial (DM) and 13-dorso-lateral (DL) cells [51].
Immunostaining of brain ganglia with anti-TH antibody re-
vealed a significant (p<0.05) reduction in the number of
TH-positive cells in organisms that were fed 20.0 pg/ml
Cr(VI)-salt-mixed food for 48 h (Fig. 5a, b). However, at
lower concentrations of Cr(VI) (5.0 and 10.0 ug/ml) and at
the highest concentration of Cr(IlI), no significant (»p < 0.05)
reduction in the number of TH-positive cells was observed in
organisms that were fed Cr(VI)- or Cr(Ill)-salt-mixed food
even for 48 h in comparison with control (Fig. 5a, b).

Enhanced Levels of ROS and RNS in the Brain of Cr(VI)
-Exposed Drosophila Larvae

Since an excess of Cr in the body is expected to generate free
radicals, levels of different species of radicals were measured
in organisms that were fed Cr(VI)-salt-mixed food. A signif-
icant (p <0.001) increase in the level of DHE, H,DCFDA, and
DHR fluorescence intensities was observed in the brain gan-
glia of Cr(VI)-salt-mixed food fed w'"’® larvae as compared
with control with a maximum increase in DCF (~3.4-fold;
Fig. 6a), DHR (~2.7-fold; Fig. 6b), and E*/DHE (~1.6-fold;
Fig. 6¢) fluorescence at 20.0 pg/ml Cr(VI) after 48 h. No
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Fig. 8 Increased apoptosis in the brain ganglia of Cr(VI)-salt-mixed food
fed w'"% larvae. Graphical representation of DEVDase (caspase-3-like)
activity in the brain ganglia of w'//% larvae after they were fed Cr(VI)-salt
mixed food for 24 and 48 h (a). Graphical representation of dissipation of
mitochondrial membrane potential in the brain ganglia of w'//® larvae
after they were fed Cr(VI)-salt-mixed food for 24 and 48 h using JC1

Fig. 9 Increased cleaved caspase-3 in different brain cells of Cr(VI)-salt- P
mixed food fed w'// larvae. Representative confocal images of brain
ganglia showing levels of cleaved caspase-3 from control and in organism
that were fed 20.0 pg/ml Cr(VI)-salt-mixed food for 48 h. Extreme right
panel represents overlay images of DAPI (blue) and brain cell marker
proteins (red) such as Elav (a), ChAT (b), and Repo (d) and cleaved
caspase-3 (green) antibody stained tissue. Representative confocal im-
ages of GFP-tagged dopaminergic neurons (green) and cleaved caspase-
3 (red) antibody stained tissue and overlaying images (c). Note that the
cleaved caspase-3 was localized in neuronal cells, cholinergic neurons,
and dopaminergic neurons but not in glial cells indicating apoptosis in
these cells

significant change in the level of the above radicals was ob-
served in organisms that were fed Cr(IlI)-salt-mixed food (da-
ta not shown). That difference in free radicals levels are indeed
taking place in exposed organism as compared with that in
control was further confirmed in vivo by DHE staining of
different brain calls tagged with GFP. Both dopaminergic
and cholinergic neuronal cells exhibited higher fluorescence
intensity as compared with respective control and to that in
glial cells (Fig. 7a—d).

Increased Oxidative Stress in the Brain of Cr(VI)-Exposed
Drosophila Larvae

A time- and concentration-dependent significant decrease in
SOD activity in the brain ganglia of w/% larvae was observed
that were fed Cr(VI)-salt-mixed food (a maximum decrease of
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dye representing a shift from red to green fluorescence intensity (b). Data
represent mean + SD (n = 3; 40 larvae/replicate). Significance ascribed as
*p<0.05; **p<0.01; ***p<0.001 vs control. Representative confocal
images of brain ganglia showing JC1 staining in the brain from control
and in organism that were fed Cr(VI)-salt-mixed food with extreme right
panel representing overlay of red and green fluorescence (c¢). Bar, 100 pm
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~155 % in SOD activity was observed in 20.0 pg/ml Cr(VI)-
salt-mixed food fed group after 48 h) (Fig. 6d). A similar trend
was observed for CAT (~27 %) (Fig. 6e), TrxR (~60 %)
(Fig. 6f) activities, and GSH (~120 %) (Fig. 6g) content in
the brain ganglia of larvae that were fed 20.0 pg/ml Cr(VI)-
salt-mixed food. Concomitant with an inhibition in all the
above endpoints, a concentration- and time-dependent
(»<0.001) significant increase in MDA (~338 %) and PC
(~112 %) content in the brain ganglia of exposed w'’’® larvae
was observed (Fig. 6h, 1).

Increased DEVDase Activity in the Brain of Cr(VI)
-Exposed Drosophila Larvae

Since apoptosis was reported to be the primary mode of cell
death due to Cr(VI) exposure to mouse skin epidermal cells
(JB6 C141 cells) [52], DEVDase (caspase-3 like) activity was
measured in the brain ganglia of control and in organisms that
were fed Cr(VI)- or Cr(IlT)-salt-mixed food. A significant in-
crease in the DEVDase activity was observed in organism giv-
en Cr(VI)-salt-mixed food as compared with control with a
maximum increase in activity (~420 %) in 20.0 pg/ml
Cr(VI)-exposed organism after 48 h (Fig. 8a). Parallel to the
DEVDase activity, immunofluorescence analysis using cleaved
caspase-3 antibody also revealed activation of caspase-3 in do-
paminergic and cholinergic neurons but not significantly in glial
cells of larvae that were given Cr(VI)-salt-mixed food (Fig. 9a—
d). Unlike the above, no significant increase in the DEVDase
activity was observed in the group that were fed Cr(III)-salt-
mixed food in comparison with control (data not shown).

Increased Mitochondrial Depolarization in the Brain
of Cr(VI)-Exposed Drosophila Larvae

Parallel to the detectable increase in DEVDase activity in
w8 larvae that were fed Cr(VI)-salt-mixed food at higher
dietary concentrations of the test chemical, a significant in-
crease in the mitochondrial membrane depolarization as evi-
dent by a shift from red to green fluorescence was observed in
the brain ganglia of exposed organism in comparison with
control with maximum shift from red to green fluorescence
(~201 %) at 20.0 ng/ml Cr(VI) after 48 h (Fig. 8b). Parallel to
the above, immunofluorescence analysis also revealed shift
from red to green fluorescence in the brain ganglia of
Cr(VI)-salt mixed food fed organism (Fig. 8c).

Decreased ROS/RNS as well as Apoptotic Cell Death
in the Brain of Vitamin C and Cr(VI)-Exposed Drosophila
Larvae

If oxidative stress is responsible for the cellular adversities in
tested brain cells of organisms that were fed Cr(VI)-salt-mixed
food, reversal of the same was tested by adding a known anti-

Fig. 10 Decreased ROS/RNS levels, Annexin V-positive brain cells and
cleaved caspase-3 level after w!8 larvae were fed vitamin C + Cr(VI)-
salt. Graphical representation of total ROS, ONOO, and O, levels (a)
in the brain from control and in organism that were fed Cr(VI)-salt-mixed
food only or those fed Cr(VI)-salt-mixed food supplemented with vitamin
C and those given vitamin C mixed food for 48 h by measuring the
fluorescence using DCF-DA, DHR, and DHE dyes, respectively. Data
represent mean+ SD (n=3; 80 larvae/replicate). Quantitative
representation of percent AV-positive cells from control and in
organism that were fed Cr(VI)-salt-mixed food only or those fed
Cr(VI)-salt-mixed food supplemented with vitamin C and those given
vitamin C-mixed food for 48 h (b) and representative flowcytometric
data of the same (c¢). Data represent mean=SD (n=3; 40 larvae/
replicate). Significance ascribed as *p < 0.05; **p <0.01; ***p <0.001
vs control. Representative confocal images of DHE stained brain ganglia
from vitamin C + Cr(VI)-exposed (20.0 pg/ml) organism after 48 h (d).
Representative confocal images of brain ganglia showing cleaved
caspase-3 level from vitamin C + Cr(VI)-exposed (20.0 pg/ml) wili8
larvae after 48 h (e). Bar, 100 um

oxidant, vitamin C in Drosophila food medium. Larvae feed-
ing the anti-oxidant along with Cr(VI)-salt-mixed food,
showed lesser levels of ROS and reactive nitrogen species
(RNYS) in their brain in comparison with that observed in the
organisms that were fed Cr(VI)-salt-mixed food only (A sig-
nificant decrease in total ROS levels (~20 %), O, (~23 %),
as well as in RNS (~60 %) in the brain cells of organisms that
were given vitamin C + Cr(VI)-salt-mixed food in compari-
son with that in Cr(VI)-salt-only treated organism) (Fig. 10a).
In vivo study revealed that ROS levels were reduced both in
cholinergic and dopaminergic neuronal cells in organisms that
were given vitamin C + Cr(VI)-salt-mixed food (Fig. 10d).
Cell death was also examined under similar experimental con-
dition. While a significant increase in Annexin V (AV)-posi-
tive brain cells (~541 %) was observed in organisms that were
fed 20.0 pg/ml Cr(VI)-salt-mixed food for 48 h, vitamin C
supplementation significantly decreased the AV-positive cell
population (~198 %) in organisms that were given Cr(VI)-salt
along with vitamin C (Fig. 10b, c¢). Further, a trend similar to
the above was observed for cleaved caspase-3 level in cholin-
ergic and dopaminergic cells (Fig. 10e).

Increased Inhibition of AchE Activity in Adult Fly
Along with Decreased Organismal Response in Cr(VI)
-Exposed Organism

A significant (p <0.05) decrease in AchE activity was ob-
served in the adult flies that emerged after the larvae were
fed Cr(VI)-salt-mixed food for 48 h in a concentration-
dependent manner with maximum inhibition (~214 %) in the
enzyme activity evidenced at 20.0 pg/ml of Cr(VI) (Fig. 11a).

Under similar exposure regime as stated above, a signifi-
cant decrease in the climbing activity of flies was observed in
a concentration-dependent manner. While ~72 % of the con-
trol flies crossed the 15-cm line in 30 s, only ~42 % of flies
crossed the same distance after the larvae were given 20.0 png/
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Fig. 11 Increased inhibition of AchE activity and decreased locomotor
and jumping activity in Cr(VI)-salt-mixed food fed w'//® larvae.
Graphical representation of percent inhibition of AchE activity (a),
climbing activity (b), and jumping activity (c) of flies that emerged
after being fed Cr(VI)-salt-mixed food. Note a significant deficit in
these activities in exposed organism. Data represent mean+SD (n =3).
Significance ascribed as *p < 0.05; **p <0.01; ***p <0.001 vs control

ml of Cr(VI)-salt-mixed food for 48 h (Fig. 11b). A trend
similar to the above was observed for the jumping activity in
exposed groups (Fig. 11c¢).

Discussion

The present study aimed to investigate the impact of environ-
mental Cr on tested brain cells in a genetically tractable organ-
ism, D. melanogaster.

The presence of the metal in the brain of organisms that
were fed Cr(VI)- or Cr(IIl)-salt-mixed food has relevance in
causing adversities associated with it. Between the two most
prevalent forms of Cr, Cr(VI) can easily enter into the cells
through sulfate and chloride phosphate anionic channels due
to its tetrahedral structure, activated by small thiols and ascor-
bate non-enzymatically [53]. However, the octahedral

structure of Cr(IlI) negatively affects its ability to enter into
the cells and higher stability of its coordinated multidentate
ligand structure prevents it from binding to macromolecules of
the cell [54]. Although significantly higher amount of Cr was
detected in the brain of Drosophila larvae that were fed
Cr(IlI)-salt-mixed food, it was several folds lower than the
amount of Cr detected in organisms that were fed Cr(VI)-
salt-mixed food. The higher adverse effects of Cr(VI) might
be due to its ability to cross blood brain barrier more efficient-
ly than Cr(III) as has been reported previously wherein Cr(VI)
got deposited in human brain [55] as well as in rat pituitary
glands [56]. Both Cr(VI) and Cr(IIl) were reported to cause
genotoxicity in vitro and in vivo (reviewed by Eastmond et al.
[57]). Interestingly, it was found that genotoxicity induced by
Cr(IIT) to an extent similar to that induced by Cr(VI) was
achievable when Cr(III) concentration was several folds
(~1000-fold) higher than Cr(VI) [10, 57]. In this study too,
refractoriness of tested brain cells of Drosophila larvae that
were fed Cr(II)-salt-mixed food (presence of ~7—8 ng of Cr)
might be due to the above stated possibility and lack of critical
concentration of the test chemical therein. Conversely, organ-
isms that were fed Cr(VI)-salt-mixed food had higher burden
of Cr (~32 ng; ~4-fold higher than Cr(IlI)) which might be
above the threshold limit of cellular homeostasis to evoke
cellular and organismal adversities in exposed organism.
Apart from the above, Cr(VI) might get converted into
Cr(IIT) inside the cell to cause cellular toxicity which cannot
be ruled out in this study.

Drosophila larval central nervous system comprises mainly
neuronal and glial cells [58]. Due to higher Cr burden in the
brain of exposed organism, we examined the health (marker
protein level or number) of tested brain cell types in organisms
that were fed Cr(VI)- or Cr(Ill)-salt-mixed food. ELAV, the
first identified member of the ELAV family, has been shown
to be expressed in all neurons with a predominantly nuclear
localization [58, 59]. The elav gene function is vital for the
differentiation and maintenance of neurons and is a pan neu-
ronal marker [60]. Poor Elav immunostaining in the brain of
organisms that were fed Cr(VI)-salt-mixed food in compari-
son with that in Cr(IlI)-salt-mixed food fed Drosophila larvae
corroborate neuronal adversity caused by Cr(VI). Among dif-
ferent cell types in the brain, glial cells provide protection to
the neurons with physical as well as nutritional support [61].
Though four types of glial cells and marker proteins
representing them are reported [62], Repo was found to rep-
resent all types of glial cells during development [62, 63].
Interestingly, glial cells were not found to be affected by the
metal as evidenced by comparable Repo immunostaining in
the brain of control and in organisms that were fed Cr(VI)- or
Cr(Ill)-salt-mixed food. In this context, one of the possible
reasons for non-perturbation of glial cells due to metal expo-
sures might be due to enriched glutathione (a major reducing
agent) [64—66] in these cells to combat oxidative stress. The
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neuronal cells are also segregated according to the neurotrans-
mitters they release, such as acetylcholine, dopamine, GABA,
glutamate, etc. We, therefore, examined the status of cholin-
ergic and dopaminergic neurons since they are implicated in
some neurodegenerative diseases [5] and affect movement,
behavioral functions, jumping, and locomotor activity [67,
68]. Cholinergic neuronal system consists of mainly choline
acetyl transferase, AchE, and vesicular acetylcholine trans-
porter by which it conducts neurotransmission [69]. Choline
acetyl transferase is responsible for acetylcholine biosynthesis
and AchE catalyzes the breakdown of acetylcholine for its
functioning as a neurotransmitter [70]. A significant decrease
in choline acetyl transferase and AchE activity in the brain of
organisms that were fed Cr(VI)-salt-mixed food but not Cr(III)
indicates perturbed neuronal signaling due to hexavalent form
of the metal causing increased oxidative stress as evidenced
by higher ROS levels in these cells. In this context, disruption
in the cholinergic system in Daphnia [71], in guinea pig, and
keratinocyte cells [72] due to increased oxidative stress after
Cr(VI) exposure supports the above [73].

Each brain lobe consists of four clusters of dopaminergic
neurons in which the lower two clusters are named as DL and
upper medially located two clusters are named, as DM and
they exist in adult also [51]. Like cholinergic cells, dopami-
nergic neuronal cells in organisms that were fed Cr(VI)-salt-
mixed food were affected as evidenced by a significant reduc-
tion in the number of dopaminergic neurons (DL and DM).
The Trx/Prx system maintains redox balance in the cell by
scavenging ROS and also maintains dithiol-disulfide ex-
change of target proteins [74]. In brain, mitochondrial Trx/
Prx system is responsible for the redox balance in dopaminer-
gic neurons as was evidenced in rat dopaminergic N27 cells
[75] and Cr(VI) was shown to inhibit Trx/Prx system in hu-
man broncheal epithelial cells (BEAS-2B cell line) [11]. Hu et
al. [76] also reported that Prx-2 overexpression provides pro-
tection against dopaminergic neurodegeneration in MN9D
DA neuronal cells by maintaining Trx in its reduced stage.
Prx transcript as well as Prx and Trx associated miRNAs were

found to be significantly misregulated in the gut of Cr(VI)-
exposed Drosophila larvae [28, 77]. A significant decrease in
TrxR activity observed in the brain of Drosophila larvae that
were fed Cr(VI)-salt-mixed food indicates Cr(VI) mediated
perturbed redox system vis-a-vis effect on dopaminergic neu-
rons. Parallel to the above, increased ONOO ™ levels in these
cells of exposed organism might cause nitration of tyrosine
residue in TH leading to its inactivation and subsequently poor
dopamine synthesis and alteration in neurotransmitter level
[78].

Both cholinergic and dopaminergic neuronal cells are re-
ported to control the climbing and jumping activity and are
indicators of fitness of an organism [79, 80]. Alteration in the
neurotransmitter level, such as, acetylcholine [35] and dopa-
mine [5, 81], were shown to be associated with defective loco-
motor activity in Drosophila and in other organisms [82].
Previously, Cr(VI) exposure (98 mg kg ' day ' for 28 days)
to rats was shown to cause deficit in motor activity along with
poor balance [83]. Our observation of poor climbing and
jumping activities in organisms that were fed Cr(VI)-salt-
mixed food along with a significant inhibition in AchE activity
both in larval and adult brain as well as reduced number of
dopaminergic cells may be correlated with alteration in neuro-
transmitter level (both dopamine and acetylcholine).

Given that Cr(VI) can adversely affect tested brain cells
and consequently locomotor behavior of exposed organism,
oxidative stress seems to be the major mechanism of toxicity
which was evident by an increase in the levels of ROS/RNS.
The latter are the major contributors towards higher oxidative
stress affecting both enzymatic and non-enzymatic compo-
nents of oxidant balance in the cell. In this context, increased
ONOO  might be a reason behind the decreased activity of
SOD since increased ONOO™ was reported to inhibit SOD
activity in animals [84, 85]. That Cr can reduce various en-
zyme activities such as CAT and TrxR via reacting with their
carbonyl and sulthydryl groups [12] provides an explanation
for increased oxidative stress in the brain of organisms that
were given Cr(VI)-salt-mixed food.
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Fig. 12 Schematic illustration of Cr(VI)-induced adversities in the brain
of Drosophila and its organismal consequence. Environmental Cr
especially its heaxavalent form, Cr(VI) can cause increased cell death in
different brain cell types [cholinergic (ChAT) and dopaminergic (7TH)
neuronal cells but not in glial cells]. Increased oxidative stress
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(increased level of ROS/RNS along with decreased SOD, CAT, and
TrxR activities and GSH content and increased MDA and PC contents)
is the primary mechanism of toxicity in these cells due to higher burden of
Cr in the brain of exposed organism leading to cell death and deficit in
organismal deficit (impaired locomotor and jumping activity)
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Oxidative stress may lead to cell death if not balanced
properly [86]. This was evidenced in this study with
heaxavalent form of Cr significantly affecting cholinergic
and dopaminergic neuronal cell survival. However, no signif-
icant effect on these cells was observed when organisms were
fed Cr(III)-salt-mixed food. That increased oxidative stress in
tested brain cells due to increased ROS/RNS levels could be
one of the plausible reasons for the increased cell death in
cholinergic and dopaminergic neuronal cells was tested by
feeding the organism with a known anti-oxidant, vitamin C
wherein reversal of apoptosis was observed. Summarizing the
above, imbalanced redox system in the brain of Drosophila
that were fed Cr(VI)-salt-mixed food affected the health of
their brain cells leading to apoptosis.

In conclusion, the study provides evidence of perturbed
health of cholinergic and dopaminergic neuronal cells due to
imbalanced redox condition caused by feeding of the Cr(VI)-
salt to the organism (Fig. 12) but not by Cr(IIl)-salt in the diet
in a genetically tractable organism D. melanogaster coupled
with a deficit in movement. The study signifies the adverse
effect of Cr(VI) at its environmentally relevant concentrations
which would likely to have relevance in humans and recom-
mends Drosophila as a model for neurotoxicity.
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