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ARTICLE INFO ABSTRACT

During the mammalian brain development, oligodendrocyte progenitor cells (OPCs) are generated from neu-
roepithelium and migrate throughout the brain. Myelination is a tightly regulated process which involves time
framed sequential events of OPCs proliferation, migration, differentiation and interaction with axons for func-
tional insulated sheath formation. Myelin is essential for efficient and rapid conduction of electric impulses and
its loss in the hippocampus of the brain may result in impaired memory and long-term neurological deficits.
Carbofuran, a carbamate pesticide is known to cause inhibition of hippocampal neurogenesis and memory
dysfunctions in rats. Nonetheless, the effects of carbofuran on OPCs proliferation, fate determination, matura-
tion/differentiation and myelination potential in the hippocampus of the rat brain are still completely elusive.
Herein, we investigated the effects of sub-chronic exposure of carbofuran during two different time periods
including prenatal and adult brain development in rats. We observed carbofuran hampers OPCs proliferation
(BrdU incorporation) and oligodendroglial differentiation in vitro. Similar effects of carbofuran were also ob-
served in the hippocampus region of the brain at both the time points. Carbofuran exposure resulted in reduced
expression of key genes and proteins involved in the regulation of oligodendrocyte development and functional
myelination. It also affects the survival of oligodendrocytes by inducing apoptotic cell death. The ultrastructural
analysis of myelin architecture clearly depicted carbofuran-mediated negative effects on myelin compaction and
g-ratio alteration. Conclusively, our study demonstrated that carbofuran alters myelination potential in the
hippocampus, which leads to cognitive deficits in rats.
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1. Introduction Young et al., 2013). De-myelination of axons undergoes considerable

physiological changes that result in axonal dysfunction, degeneration,

Myelination is the vital process which provides insulation to axons
increasing the speed and efficiency of nerve impulse conductance.
Myelin is a fatty sheath composed of modified plasma membrane of
specialized glial cells that surrounds the axons (Saab and Nave, 2017).
Mature oligodendrocytes are responsible for functional myelination in
the central nervous system (CNS), while Schwann cells do myelin for-
mation in the peripheral nervous system (Simons and Nave, 2015). The
myelination in rodents occurs at a maximal rate around postnatal day
20 continuing until for at least 16 weeks of age (Doretto et al., 2011;

and loss of sensory and motor functions. There are certain circum-
stances for progressive de-myelination of axons, which include in-
hibitory factors promoting cell death among newly generated oligo-
dendrocytes and deficient expression of key growth factors essential for
proper myelin synthesis (Alizadeh et al., 2015). The impaired myeli-
nation may lead to a variety of neurological deficits and delayed nerve
conductance (Nickel and Gu, 2018; Chambers and Perrone-Bizzozero,
2004). Oligodendrocyte progenitor cells (OPCs) are the source of new
oligodendrocytes in the brain, which undergo extremely complex and
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tightly controlled sequential events of proliferation, migration and
differentiation into myelin-producing cells (de Castro and Bribian,
2005). Defects in oligodendrocyte proliferation and maturation during
development may result in demyelinating pathologies, such as multiple
sclerosis and schizophrenia (Chambers and Perrone-Bizzozero, 2004;
Dutta et al., 2011). The impaired myelination in the hippocampus has
been documented in various neurological diseases including autism,
anxiety, schizophrenia, multiple sclerosis, epilepsy, Alzheimer’s disease
and depression (Chambers and Perrone-Bizzozero, 2004; Dutta et al.,
2011; Noble, 2004). Environmental exposure of several toxicants such
as solvents, xenoestrogen and heavy metals causes developmental ab-
normalities due to compromised myelination in the CNS (Lee et al.,
2010; Brubaker et al., 2009; Rai et al., 2013; Tiwari et al., 2015a).
Recently, we found that gestational exposure of Bisphenol-A, a syn-
thetic xenoestrogen and component of plastic polycarbonate baby
bottles causes impaired myelination and neurodegeneration in the
hippocampus leading to cognitive deficits (Tiwari et al., 2015a;
Agarwal et al., 2015).

Carbofuran (2,3-dihydro-2,2-dimethyl-7-benzofuranyl methyl car-
bamate), is one of the widely known carbamate pesticide and com-
monly used for pest control in the developing countries. It is non-spe-
cific in action that exhibits potential toxicity in both target pests and
non-target animal species including the human (Li et al., 2009). It is
moderately soluble in water, slightly volatile and has a high potential
for leaching to groundwater. The common routes of its exposure involve
inhalation, ingestion or absorption through the skin (Gammon et al.,
2012). The acute neurotoxicity of carbofuran is associated with its
anticholinesterase (AChE) activity inhibiting the neurotransmission due
to the accumulation of acetylcholine in synapses (Chahal et al., 2015).
The fetal brains are more susceptible to carbofuran toxicity due to their
inability to metabolize carbofuran resulting in more prominent AChE
inhibition in the fetus than the adult. The lipophilic nature of carbo-
furan supports its accumulation in fat deposits in different vital organs
of the animal system (Gupta et al., 1994). Earlier reports revealed that
the neurotoxicity of carbofuran is basically associated with ROS gen-
eration and mitochondrial dysfunction in the brain (Kamboj et al.,
2008; Gupta et al., 2007). Carbofuran dose-dependently decreases the
activity of superoxide dismutase, catalase, and glutathione-S-trans-
ferase, subsequently generating the condition of oxidative burst in the
brain (Jaiswal et al., 2014). Carbamates interact with SH-groups of
various cellular enzymes and affect the assembly of fibrillary proteins
like neurofilaments (Schmuck and Mihail, 2004). It causes DNA frag-
mentation and induces apoptosis resulting in the loss of hippocampal
neurons (Gupta et al., 2007). Several other studies showed that car-
bofuran elicits neurophysiological and neurobehavioral alterations as
well as motor deficits in rodents (Kamboj et al., 2006a; Kamboj and
Sandhir, 2007; Moser et al., 2010). A recent study also showed that
carbofuran causes tau hyper-phosphorylation in the hippocampus in-
ducing Alzheimer’s disease-like pathology in the brain (Chen et al.,
2012). In our previous studies, we have reported that exposure of
carbofuran during gestation causes inhibition of hippocampal neuro-
genesis and neurodegeneration in the rat offsprings through alterations
in TGF-P signaling (Seth et al., 2017; Mishra et al., 2012).

However, whether exposure of carbofuran during different devel-
opmental periods of the brain imposes any toxic effects on myelination
process in the hippocampus is still elusive. Therefore, in this study, we
evaluated the effects of carbofuran exposure during prenatal and
postnatal developmental periods on myelination potential by accessing
the cellular process of oligodendrogenesis in the hippocampus of rat
brain. Here, we demonstrated that carbofuran causes inhibition of OPCs
proliferation and differentiation, and induces apoptosis of oligoden-
drocytes in the hippocampus. We observed that carbofuran causes im-
paired myelination due to alterations in the expression of genes and
levels of proteins involved in the regulation of oligodendrocyte devel-
opment. Altogether, our results suggest that early gestational and
postnatal exposure of carbofuran negatively affects the process of
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oligodendrogenesis resulting in the impaired axonal myelination in the
hippocampus that could lead to learning and memory defects in rats.

2. Materials and methods
2.1. Reagents

Carbofuran (CAS No.1563-66-2), 5’-bromo-2’-deoxyuridine (BrdU)
(CAS No. 59-14-3), bovine serum albumin (BSA) (CAS No. 9048-46-8),
3-[4,5-di- methylthiazol-2-yl] 2,5-diphenyltetrazolium bromide (MTT)
(CAS No. 298-93-1), Tris-base (CAS No. 77-86-1), poly-L-lysine (PLL)
(CAS No. 25988-63-0), basic fibroblast growth factor (bFGF) (CAS No.
106096-93-9), epidermal growth factor (EGF) (CAS No. 62253-63-8),
platelet-derived growth factor AA (PDGF-AA) (Cat No. SRP3268),
triiodothyronine (T3) (CAS No. 6893-02-3), N-acetyl-L-cysteine (NAC)
(CAS No. 616-91-1), N-1 supplement, p-biotin (CAS No. 58-85-5),
normal goat serum (NGS), Non-stripped corn oil (CAS No. 8001-30-7)
rabbit activated anti-caspase-3 (Cat No. C8487), mouse anti-B-actin
(Cat no. A2228), rabbit anti-myelin basic protein (MBP) (Cat No.
M3821) and mouse anti-B-Tubulin-III (Cat No. T8578) were procured
from Sigma- Aldrich (USA). Neurobasal medium, Hank’s balanced salt
solution (HBSS), N-2 supplement, B-27 supplement and TRIzol reagent
were purchased from Gibco (Invitrogen, USA). Primers were obtained
from Integrated DNA Technologies (IDT, USA) and SYBR Green was
procured from Applied Biosystems (USA). Anti-fade mounting medium
with DAPI was purchased from Vector Labs (Vectashield, Vector la-
boratories, CA, USA). Culture wares were obtained from Nunc
(Denmark). SuperScript first-strand complementary DNA (cDNA)
synthesis kit, fluoromyelin stain and Alexa Fluor 488 and Alexa Fluor
594 conjugated secondary antibodies were purchased from Molecular
Probes (Invitrogen, USA). Chemiluminescent substrate and bicincho-
ninic acid (BCA) protein assay kit were obtained from Pierce (USA).
Mouse anti-BrdU (Cat no. sc-32323) antibody was obtained from Santa
Cruz Biotechnology (Santa Cruz, CA, USA). Rabbit anti Olig-2 (Cat No.
ab81093), rabbit anti-Myelin proteolipid protein (PLP) (Cat
No.ab28486), mouse anti-CNPase (2’3’-cyclic nucleotide 3’-phospho-
diesterase) (Cat no. ab6319), mouse anti-MBP (Cat no. ab62631), rabbit
anti-S100p (Cat no. ab41548), mouse anti-neurofilament (NF), rabbit
anti-Bcl-2 antibody (Cat no. ab196495) and rabbit anti-BrdU antibodies
(Cat No. ab152095) were obtained from Abcam, USA. Rabbit anti-
platelet-derived growth factor receptor-a (PDGFR-a) (Cat No. 3164S),
rabbit anti-Bax (Cat no. 2772S) and rabbit anti-Myelin-associated gly-
coprotein (MAG) (Cat No. 9043S) antibodies were procured from Cell
Signaling Technology (Danvers, MA, USA).

2.2. Animals and treatment

Adult male and female albino rats of Wistar strain were obtained
from animal breeding colony of the CSIR-Indian Institute of Toxicology
Research. The animals were housed in polypropylene cages with
stainless steel lids under standard animal house conditions of 12h
light/dark cycle and ambient temperature of 25 + 2°C. Animals had
ad libitum access to pellet diet and drinking water. The Institutional
Animal Care and Ethics Committee approved all experimental protocols
applied to animals throughout the study. The female rats were kept at
random mating with males rats and their pregnancy was confirmed by
vaginal smear test. The pregnant dams and their pups were randomly
segregated into the following groups:

I PND21 control group: Received daily single oral gavage of vehicle
(corn oil) from gestational day 7 (GD7) to postnatal day 21(PND21).
II PND21 carbofuran-treated group: Received daily single oral gavage of
carbofuran (1 mg/kg body weight) suspended in corn oil from GD7-
PND21
III PND90 control group: Received daily single oral gavage of vehicle
(corn oil) from PND21-PND90.
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IV PND90 carbofuran treated group: Received daily single oral gavage of
carbofuran (1 mg/kg body weight) suspended in corn oil from
PND21-PND90.

The dose of carbofuran (1 mg/kg body weight) was selected on the
basis of our previous studies, in which carbofuran caused inhibition of
the hippocampal neurogenesis and neurobehavioral alterations in rats
(Seth et al., 2017; Mishra et al., 2012). To study the effects of carbo-
furan during prenatal development, we treated pregnant rats during
GD7-PND21 (during gestational and lactational period; total 36 days).
The litter size varied from 8 to 12 pups among different dams. Culling
of pups was carried out following the standard procedure - 4 Male: 4
Female (Agnish and Keller, 1997). For postnatal studies, we treated 24
male rats with carbofuran from PND21 to PND90, as myelination pro-
cess continues and approaches at its peak during this period (Doretto
et al., 2011; Young et al., 2013). Effect of carbofuran on body weight of
pregnant and developing rats was recorded weekly (Supplementary Fig.
S1). After respective treatments, only male offsprings (PND21) and
adult rats (PND90) from control and carbofuran treated groups were
sacrificed after 4h of last dose of carbofuran for neurochemical and
immunohistochemical studies. It was ensured that one pup from each
mother was taken for a specific parameter from each group (n =6
means 1 pup each from 6 different litter per group).

2.3. Oligodendrocyte progenitor cell culture from neural stem cells (NSCs)

NSCs were isolated from the hippocampus region of rat embryos
from three different pregnant rats (embryonic day 12) and cultured as
described in our earlier studies (Seth et al., 2017; Mishra et al., 2012;
Agarwal et al., 2016; Tiwari et al., 2015b). NSCs were cultured in NSC
proliferation media comprising neurobasal medium supplemented with
2mM t-glutamine, 1% antibiotic-antimycotic, 2% B-27, 1% N-2 sup-
plement, EGF (20 ng/ml) and bFGF (20 ng/ml). After 7 days of neuro-
sphere formation, the cells were subjected to induce oligosphere for-
mation by replacing the medium with low concentration of EGF (10 ng/
ml) and bFGF (10 ng/ml) following earlier published methods (Fu et al.,
2007; Preston et al., 2013). The cultures were fed every 2 days by re-
placing one-third volume of NSC medium with fresh OPC proliferation
medium containing (neurobasal media supplemented with 0.1% BSA,
PDGF-AA (10 ng/ml), bFGF (10 ng/ml), 1% B-27, 1% N-1 supplement,
and 10 nM p-biotin). With time, the majority of cells migrated out from
the neurospheres and attached to the bottom of flask. The adhered cells
with bipolar and tripolar process showed morphological characteristics
of OPCs. To enhance the purity and vitality of the attached OPC-like
cells, the entire medium was replaced with fresh OPC medium. The
cultures were allowed to proliferate until visible spheres, referred as
oligospheres had formed. The characterization of oligospheres derived
from hippocampal NSCs was performed using OPC markers Olig-2 and
PDGFR-a (Fig. 1a). The generated oligospheres were passaged and
transferred to PLL-coated chamber slides containing OPC differentia-
tion media (neurobasal medium supplemented with 0.1% BSA, 1% B-
27, 1% N-1 supplement, N-acetyl-L-cysteine and 30nM tri-iodothyr-
onine) for differentiation-related experiments (Tiwari et al., 2015a).

2.4. Myelinating neuron-OPCs Co-cultures

Hippocampal neurons were isolated from rat embryos (embryonic
day 12) and cultured on PLL-coated chamber slides as described
(Seibenhener and Wooten, 2012; Brewer and Torricelli, 2007). Briefly,
cells were cultured in the presence of 5 pM cytosine arabinoside (AraC)
to eliminate non-neuronal cells in neuronal media containing 1% B-27,
1% N-2 supplement and 2 mM L-glutamine (Seibenhener and Wooten,
2012). Neurons were fed every 2 days by removing half of the old
media and replacing it with the same volume of fresh media. After 7
days of neuron culture, hippocampus-derived rat OPCs were then
plated onto hippocampal neurons in the presence of OPC differentiation
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media and treated with 50 uM carbofuran or DMSO as a vehicle (Zhang
et al., 2011). The co-cultures were allowed to grow for the next 3 days
and then fixed «cells with 4% paraformaldehyde for im-
munocytochemical analysis.

2.5. MTT assay for cell viability

In order to analyze the effect of carbofuran on cell viability of OPCs,
MTT assay was performed following the method used in our earlier
studies (Tiwari et al., 2015b; Seth et al., 2017). Briefly, cells were
seeded in 96 well plate (1 x 10* cells/well) and exposed with different
concentrations of carbofuran (1, 10, 20, 50, 100, 200 and 400 pM).
After incubation of 24 h, 20 pul of MTT (5 mg/ml stock solution in PBS)
was added to every well containing cells in 200 pl medium, and the
cultures were allowed to incubate at 37 °C for next 4 h. After incubation
medium was carefully taken out and resulting formazan crystals formed
were solubilized in DMSO (200 pl/well). Absorbance was measured at
570 nm using a Multiwell microplate reader (Synergy HT, Bio-Tek,
USA). The results were calculated in terms of cell viability as a percent
of vehicle control.

2.6. Oligosphere growth kinetic assay

We performed oligosphere growth kinetics assay to evaluate the
effects of carbofuran on proliferation of OPCs and aggregate formation
following earlier published studies (Vitry et al., 1999; Tiwari et al.,
2015a). In brief, single-cell suspension of the hippocampal-derived
OPCs was seeded in a 12-well plate at a density of 5 x 10* cells/well in
OPCs proliferation medium and exposed with different concentrations
of carbofuran (1, 10, 50, 100, 200, and 400 uM) and DMSO as vehicle
for 72h. The images of round oligospheres in all the groups were
captured using a Nikon Eclipse Ti-S inverted phase contrast microscope.
The total number of oligospheres was counted per well in each group
and the diameter of randomly selected 10 oligospheres in each group
was measured using ImageJ software (NIH).

2.7. BrdU incorporation and immunocytochemistry

To evaluate the effects of carbofuran on proliferation and differ-
entiation of OPCs in culture, immunocytochemistry was performed. In
brief, oligospheres were harvested by centrifugation at 1000 rpm and
dissociated into single-cell suspension using 0.25% trypsin followed by
neutralization with soybean trypsin inhibitor. Dissociated OPCs were
plated on poly-i-Lysine coated 4-well chamber slide at a density of
10,000 cells per well containing OPC proliferation medium for pro-
liferation-related experiments (e.g., PDGFR-a and Olig-2 labeling). The
cells were exposed with non-cytotoxic concentration of carbofuran
(50 uM) for 24 h and the cells were also pulsed with 10 uM BrdU for
12h before fixation with 4% paraformaldehyde. For differentiation
studies (e.g., MBP, CNPase labeling), OPCs were first seeded in pro-
liferation medium and pulsed with 10uM BrdU for 12h before
switching to differentiation medium. The cells were then treated with
carbofuran (50 uM) for 48 h followed by fixation with 4% paraf-
ormaldehyde and processed for immunocytochemistry. For BrdU in-
corporation analysis, cells were treated with 2 N HCI after fixation for
10 min at 37 °C to denature DNA followed by neutralization with borate
buffer (0.1 M, pH 8.5) for 10 min at room temperature. Cells were then
blocked with 3% NGS, 0.5% BSA, and 0.1% Triton X-100 in PBS for
60 min. The cells were subsequently incubated with following primary
antibodies overnight at 4 °C diluted in blocking solution; BrdU (1:200),
Olig-2 (1:200), PDGFR-a (1:100), MBP (1:200), CNPase (1:250), MAG
(1:250) and NF (1:50). The cells were then incubated with a mixture of
Alexa 488 and 594 conjugated secondary antibodies (1:400) for 2h at
room temperature followed by washing 3 times with PBS. The slides
containing cells were cover-slipped with DAPI including mounting
medium and analyzed under an inverted fluorescent microscope
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Fig. 1. Carbofuran reduces viability and proliferation of the hippocampal derived OPCs in vitro. (a) Characterization of NSCs derived oligospheres was
performed showing expression of markers of oligodendrocytes progenitor cells (OPCs). Oligospheres were immunostained with OPCs markers Olig-2 (red) and
PDGFR-a (green) and counterstained with nuclear stain DAPI (blue). Nearly 97% DAPI positive cells were labeled with Olig-2 or PDGFR-a reflecting highly purified
OPCs culture. (b) Cell viability of OPCs was evaluated by MTT reduction assay. OPCs isolated from the hippocampus were seeded in 96-well plates and treated with
varying concentrations of carbofuran and DMSO as a vehicle for 24 h. Graph showing percent cell viability in terms of MTT reduction at various concentrations of
carbofuran. (c) Oligosphere growth kinetics assay was used to study the effects of carbofuran on total count and the mean diameter of oligospheres cultured until 3
days in vitro. Representative phase contrast photomicrographs of oligospheres formed from the OPCs treated with different concentration of carbofuran. (d-e) Graph
representing the total count and the mean diameter of oligospheres in all the experimental groups. Values are mean = SEM (n = 3 independent experiments),
*p < 0.05 vs control. Scale bar = 20 pm in (a) and 100 um in (c). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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equipped with NIS Elements BR imaging software. The total number of
co-labeled cells was counted per well in each group.

2.8. Immunohistochemistry for cell phenotype analysis

After respective treatments, rats were deeply anesthetized with ke-
tamine and xylazine mixture (3:1) and transcardially perfused with PBS
followed by 4% paraformaldehyde. The brains of 6 rats per group were
collected and post-fixed overnight in 4% paraformaldehyde and then
transferred to a gradient of sucrose (10, 20, and 30% in PBS). 30 um
thin serial coronal sections encompassing the entire hippocampus were
sliced using a freezing microtome (Slee Mainz Co., Germany). Sections
were kept in citrate buffer at 60 °C for 20 min for antigen retrieval
followed by blocking with 3% NGS, 0.5% BSA, and 0.1% Triton X-100
for 2 h. Sections were then probed with primary antibodies rabbit anti-
Olig-2 (1:250), rabbit anti-PDGFR-a (1:200), rabbit anti-MBP (1:200),
mouse anti-NF (1:50), rabbit anti-MAG (1:250), rabbit cleaved caspase-
3 (1:400) for 24 h at 4 °C. After washing thrice with PBS, sections were
then incubated with an appropriate combination of species-specific
Alexa Fluor-conjugated secondary antibodies for 2h at room tempera-
ture. Sections were mounted on gelatin-coated slides with DAPI con-
taining anti-fade mounting medium. The fluorescence images were
captured using a Nikon Eclipse Ti-S inverted fluorescent microscope
and analyzed with NIS Elements BR imaging software (Nikon, Japan) as
described earlier (Mishra et al., 2012; Agarwal et al., 2016; Tiwari
et al., 2015a,c).

2.9. Fluoromyelin staining

The distribution of myelin content in the hippocampus was ana-
lyzed using fluoromyelin stain. The staining was performed as per
manufacturer’s protocol. In brief, brain sections were permeabilized
with 0.2% Triton X-100 in PBS for 20 min. Sections were washed thrice
in PBS and then incubated with FluoroMyelin stain (1:300 in PBS) for
20 min at room temperature. After rinsing 3 times with PBS, sections
were then mounted on glass slides with anti-fade DAPI containing
mounting medium and visualized under an inverted fluorescence mi-
croscope. The intensities of fluoromyelin stained sections were mea-
sured in the images captured at the same gain and exposure time using
ImageJ software 1.46r (NIH).

2.10. Immunoreactivity and cell quantification in the hippocampal sections

The quantification of immuno-labeled cells in the hippocampus re-
gion of 6 rats per group was carried out following our earlier studies
(Mishra et al., 2012; Agarwal et al., 2016). In brief, unbiased stereo-
logical methods were applied, where a person without knowledge of the
experimental design carried out cell quantification on coded slides.
Labeled cells were counted in every sixth section in one in six series,
with a total of six sections per rat analyzed. The immunoreactivity of
MBP, NF and MAG was measured in six fields of each section of the
hippocampus and data were expressed as percent integrated optical
intensity as described earlier (Chambers and Perrone-Bizzozero, 2004).
The relative immunofluorescence intensity of a specific marker was
quantified using ImageJ software (NIH). Co-localization of two dif-
ferent markers was quantified by analysis of Manders co-efficient using
JACOoP plugin in ImageJ software (NIH). The same perfused brains were
used for all the ex vivo measures.

2.11. Gene expression by qReal-Time PCR

The effects of carbofuran on the expression of genes regulating
oligodendrocyte development and myelination were examined by
quantitative real-time PCR (qRT-PCR). Total RNA from the hippo-
campal tissue of each group was extracted using Trizol reagent
(Invitrogen). The quality and quantity of RNA were determined using
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NanoDrop spectrophotometer. Cut-off values of > 1.8 (0D260/280)
and > 2.0 (0OD260/230) were used as quality measures of RNA sam-
ples. RNA integrity was analyzed by using denaturing gel electrophor-
esis. Equal amount of RNA was reverse transcribed to cDNA using
SuperScript first-strand cDNA synthesis kit with Oligo-dT. The qRT-PCR
was performed with SYBR Green Master Mix using ABI Prism 7900
Sequence Detector System (PE Applied Biosystems; Foster City, CA).
The expression of cellular house-keeping gene f-actin served as a
control to normalize values. Relative gene expression in terms of fold
change was calculated using 2722t method. The details of sequences
for primers used in this study are listed in supplementary material
(Supplementary Table 1).

2.12. Protein levels analysis by Western blotting

The hippocampus tissues isolated from each group were lysed in a
lysis buffer containing protease and phosphatase inhibitors. The protein
concentration in each sample was estimated using bicinchoninic acid
(BCA) protein assay kit. An equivalent amount of protein (60 pg) from
each sample was resolved on SDS-polyacrylamide gel and transferred to
PVDF membranes. The membranes were blocked in Western blocker
solution for 2 h at room temperature followed by incubation overnight
with primary antibodies -actin (1:10,000), Olig-2 (1:1000), PDGFR-a
(1:1000), MBP (1:1000), MAG (1:1000), myelin proteolipid protein
(PLP, 1:1000), CNPase (1:1000), Bax (1:2000), Bcl-2 (1:2000) and
cleaved caspase-3 (1:1000) at 4 °C. Following three times washing with
Tris buffer saline (TBS) +0.05% Tween-20, membranes were then in-
cubated with horseradish peroxidase-conjugated secondary antibodies
(1:5000) for 2 h at room temperature. The protein bands on membrane
were detected using a chemiluminescent substrate. The optical density
of protein bands was measured by Image J software (NIH, USA).
Normalization of the results was done by using (3-actin as normalizer.

2.13. Transmission electron microscopy (TEM)

We examined ultrastructural changes in myelin sheath assembly in
the hippocampus of rats by TEM. The anesthetized rats were perfused
with pre-chilled PBS followed by a mixture of 4% paraformaldehyde
and 0.2% glutaraldehyde in PBS (pH 7.4) via a cardiac catheter. The
brain was excised and small pieces of the hippocampus were immersed
in 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer overnight at
4 °C, followed by post-fixation with OsO4 for 2 h at room temperature.
The tissue was dehydrated using acetone gradient (10-100%) and
embedded in an Araldite and dodecenyl succinic anhydride mixture and
baked at 65°C for 48h to prepare blocks. Ultra-thin sections were
stained with uranyl acetate and lead citrate and examined under TEM
(FEL, Technai G2 Spirit TWIN, USA) equipped with a Gatan digital CCD
camera. The g-ratio of axons was determined in randomly selected
hundred axons from three sections each of 6 rats per group and cal-
culated as a ratio of the diameter of an axon over the diameter of as-
sociated myelin sheath by using ImageJ software as described earlier
(Liu et al., 2012).

2.14. Conditioned avoidance response

Neurobehavioral alterations due to postnatal carbofuran exposure
in the rats of PND90 groups were assessed in terms of learning and
memory functions using a shuttle-box apparatus (Columbus
Instruments) (Tiwari et al., 2015c, 2014). Each trial consisted of an
electric buzzer (for 5s) as a conditioned stimulus, followed by of un-
avoidable foot shock (0.5 mA up for 105s) to the rats. Each animal was
subjected to 20 trials per day repeatedly for consecutive days. The
percentage of CAR was considered as the measure of cognitive ability
for interpretation of learning and memory. The learning was performed
using 6 rats per group for consecutive 3 days from PND80-PND82. A
comparison was made between carbofuran treated rats and control rats
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on the third day when learning or retention ability in control rats
reached =90% CAR. The rats were left for 1 week and CAR was
measured at PND 90 in both the groups for assessment of memory. The
behavioral testing was performed after 4 h of each day’s daily dose. The
learning and memory in treated rats were calculated as compared to %
control. As the normal eyelid opening in rat offspring takes place
around at PND14 and ocular structures such as cornea and retina are
also underdeveloped at this age and attain their maturity after PND21
(Vrolyk et al., 2018). Thus, the neonatal rats of PND21 groups were not
used for this test.

2.15. Statistical analysis

Statistical analysis was performed using GraphPad InStat statistical
analysis software version 3.05 for Windows (SanDiego, CA, USA).
Comparison of least significant differences among the two groups was
determined using unpaired Student’s t-test by taking t values for error
and keeping degrees of freedom at the 5% level of significance and 95%
confidence interval. All values were represented as mean + SEM.
Values of p < 0.05 were considered statistically significant.

3. Results
3.1. Carbofuran decreases proliferation and differentiation of OPCs in vitro

In this study, the viability of OPCs derived from rat hippocampus
incubated with different concentrations of carbofuran (1, 10, 20, 50,
100, 200 and 400 uM) was investigated using MTT assay. The data
demonstrated that carbofuran reduced cell viability of OPCs in a con-
centration-dependent manner (Fig. 1b). Carbofuran did not cause sig-
nificant alteration in MTT reduction at lower concentrations (1-50 pM).
The treatment of carbofuran for 24 h significantly decreased the via-
bility of OPCs at all the concentrations more than 50 uM (Fig. 1b). Here,
we found 50 UM concentration of carbofuran as a non-cytotoxic, which
was further used to assess the effects of carbofuran in all in vitro ex-
periments. This result is consistent with our earlier reports in which
carbofuran reduced the viability of primary NSCs in a similar fashion
(Seth et al., 2017). Changes in the number and size of oligospheres are
strong qualitative and quantitative indicators in a proliferation assay.
An increase in carbofuran concentration caused a significant decrease
in total number of oligospheres and mean diameter of oligospheres. A
dose-dependent decrease of average mean diameter of oligospheres was
observed due to carbofuran treatment, but the values were significant
from =50puM concentration as compared with the control group
(Fig. 1c—e).

Next, BrdU incorporation assay was performed to study the effects
of carbofuran on OPCs proliferation. We found that BrdU incorporation
in Olig-2 and PDGFR-a expressing OPCs was significantly reduced by
the non-cytotoxic concentration of carbofuran (50 pM) as compared to
control. Olig-2, a basic helix loop helix (bHLH) transcription factor, is
expressed in OPCs in the developing and mature vertebrate CNS
(Wegener et al., 2015). While PDGFR-a is predominantly expressed on
the membrane surface of oligodendrocyte precursors and most abun-
dantly used as a marker for OPCs (Pituch et al., 2015). We observed a
significant reduction in the count of PDGFR-a/BrdU"* and Olig-2/
BrdU™ cells after carbofuran treatment (p < 0.05) (Fig. 2a-d). The
results from BrdU incorporation assay indicated anti-mitogenic effects
of carbofuran on OPCs proliferation.

Next, in order to evaluate the effects of carbofuran on differentia-
tion and maturation of OPCs, we carried out immunocytochemical
analysis for expression of markers of oligodendrocyte differentiation
(Fig.3). Carbofuran mediated effects on the differentiation of OPCs was
assessed by BrdU labeling of MBP* and CNPase™ cells in culture con-
ditions. Here, we used MBP and CNPase as markers of mature oligo-
dendrocytes. We found that treatment of carbofuran significantly
(*p < 0.05) reduced the number of MBP/BrdU* (Fig. 3a, b) and
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CNPase/BrdU™* cells (Fig. 3c, d) as compared to control. We also ob-
served that the CNPase™ cells contained fewer processes following
carbofuran treatment as compared to control group. Interestingly,
carbofuran enhanced the number of S1003/BrdU™ cells as compared to
control suggesting increased astroglial fate commitment of OPCs in
vitro (Fig. 3e, f).

Next, we co-cultured oligodendrocytes with neurons isolated from
the hippocampus of rat embryos. We found that carbofuran alters
myelination potential of oligodendrocytes as assessed by decreased co-
labeling of MBP/NF* cells as compared to control (*p < 0.05)
(Fig. 4a, b). We also observed a significant decrease in the number of [3-
Tubulin® (mature neuronal marker) cells that were co-labeled with
myelinating oligodendrocyte marker MAG following carbofuran treat-
ment in co-culture conditions (Fig. 4c, d). The results from these ex-
periments suggested that carbofuran decreases proliferation and dif-
ferentiation/maturation of OPCs thereby altering myelination potential
of oligodendrocytes in vitro.

3.2. Carbofuran reduces proliferation and pool of OPCs in the hippocampus
of rat brain

The effects of carbofuran exposure during prenatal and postnatal
developmental periods on proliferation and pool of OPCs were assessed
by immunohistochemical expression of markers of OPCs such as Olig-2
and PDGFR-a in the hippocampus. During the CNS development, OPCs
migrate from the neuroepithelium to their final destination sites
throughout the brain (de Castro and Bribian, 2005). We found sig-
nificantly reduced numbers of Olig-2* cells following carbofuran ex-
posure in the dentate gyrus (DG) region of the hippocampus at both
PND21 and PND90 as compared to control (*p < 0.05) (Fig. 5a, b).
These results reveal that carbofuran inhibits proliferation of OPCs in the
hippocampus of rat brain. Moreover, the effects of carbofuran exposure
on OPCs population were also assessed by counting PDGFR-a* cells in
the hippocampus. The proliferation of OPCs in the CNS relies heavily on
the expression of PDGFR-a (Fruttiger et al., 1999). Quantification of the
number of PDGFR-a™ cells showed that OPCs population was sig-
nificantly fewer in the hippocampus of carbofuran treated rats as
compared to controls at both PND21 and PND90 (*p < 0.05) (Fig. 5c,
d). From these experiments, we concluded that the exposure of carbo-
furan adversely affects OPCs proliferation that leads to a reduction in
the pool of oligodendrocyte progenitors in the brain.

3.3. Carbofuran alters immunoreactivity of fluoromyelin, MBP and MAG in
the hippocampus

To assess the effects of carbofuran on myelination, we performed
myelin staining on coronal sections encompassing the hippocampus
region from all the groups using fluorescent FluoroMyelin stain and
antibody against myelin antigen MBP and MAG (McQueen et al., 2014;
Payne et al., 2011). We found a significant reduction in the intensities
of fluoromyelin staining in the hippocampus due to carbofuran ex-
posure at both the time points i.e. PND21 and PND90 as compared to
control (*p < 0.05) (Fig. 6a, b). The MAG is a transmembrane glyco-
protein expressed in oligodendroglial membranes of myelin sheaths
(Pronker et al., 2016). We observed a profound reduction in MAG im-
munoreactivity in the hippocampus region due to carbofuran exposure
at both PND21 and PND90 as compared to control (*p < 0.05)
(Fig. 6¢, d).

Next, the effects of carbofuran on MBP immunoreactivity were
studied in the CA1, CA3 and DG regions of the hippocampus (Fig. 7).
We observed a remarkable decrease in intensity of MBP im-
munoreactive myelinated fibers present in the CAl, CA3 and DG areas
in carbofuran treated groups as compared to control (Fig. 7a, b). Fur-
ther, we assessed myelin distribution among the myelinated axons of
the hilus region of DG by co-labeling of MBP and NF (marker of axon
caliber). We observed a significant decrease in co-localization of MBP
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Fig. 2. BrdU incorporation assay showing effects of carbofuran on the proliferation of OPCs in vitro. (a-b) Representative micrographs showing incorporation
of BrdU (green) in PDGFR-a " cells (red) counterstained with nuclear stain DAPI in OPC culture treated with carbofuran for 24 h. Bar graph from quantitative analysis
depicted a significant reduction in number of BrdU/PDGFR-a* cells following carbofuran treatment. Arrows indicate co-labeled cells in all the images. (c-d)
Representative immunofluorescence images of BrdU/Olig-2 co-labeled cells counterstained with nuclear stain DAPI. Bar diagram showing the number of BrdU/Olig-2
co-labeled cells significantly decreases in the presence of carbofuran as compared to control. Values are expressed as mean = SEM (n = 3 independent experiments),
*p < 0.05 vs control, Scale bar = 20 um. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

and NF in carbofuran treated rats at both the time points as compared
to control (Fig. 8a, b). The data from this study depicted that there were
fewer number of myelinated axons in the hippocampus of carbofuran
treated rats as compared to control.

3.4. Carbofuran alters the expression of genes and levels of proteins
involved in oligodendrocyte development and myelination

We next investigated whether exposure of carbofuran alters the
expression of myelination-regulating genes/transcription factors in-
cluding MBP, CNPase, Olig-2, PDGFR-a, PLP, MAG, myelin oligoden-
drocyte glycoprotein (MOG), chondroitin sulfate proteoglycan (NG-2),
myelin-associated oligodendrocyte basic protein (MOBP) and myelin
gene regulatory factor (MRF) in the hippocampus region (Fig. 9a). NG2
glycoprotein is a type I membrane protein expressed in sub-populations
of glia including OPCs required for their effective expansion, migration,
cell-cycle maintenance and lineage restriction (Karram et al., 2005). We
found that carbofuran caused significant down-regulation in the ex-
pression of oligodendrocyte lineage-specific genes as such Olig-2,
PDGFR-a, NG2 as well as myelination-regulating genes involved in
differentiation and maturation of oligodendrocytes such as MBP,
CNPase, PLP and MAG in the hippocampus region during both prenatal
development and adult stages (Fig. 9a). MRF is a nuclear protein spe-
cifically expressed by post-mitotic oligodendrocytes, which acts as a
critical transcriptional regulator essential for the expression of other
genes such as MBP, MAG, and CNPase (Emery et al., 2009). Carbofuran
caused significant down-regulation in the expression of MRF in the

hippocampus as compared with control at both the time points studied.
However, mRNA expression of MOG and MOBP remained unaltered
due to carbofuran exposure at PND21 and PND90 (Fig. 9a).

Further, we examined the effects of carbofuran exposure on the
levels of proteins involved in myelination process in the hippocampus.
We found that carbofuran significantly decreased the levels of PDGFR-
a, MBP, PLP, Olig-2, MAG, and CNPase at both PND21 and PND90
(*p < 0.05) (Fig. 9b—e). Collectively, these results suggested that car-
bofuran exposure causes a significant decrease in the expression of
genes and the levels of proteins involved in oligodendrocyte develop-
ment which leads to an alteration in their myelination potential in the
brain.

3.5. Carbofuran induces apoptosis in oligodendrocytes in the hippocampus
of rat brain

Next, we evaluated the effect of carbofuran on the survival of oli-
godendrocytes in the hippocampus. We analyzed co-localization of
cleaved caspase-3, an apoptosis marker with MBP to determine the
effect of carbofuran on apoptotic cell death of myelinating oligoden-
drocytes (Fig. 10). We observed a significant increase in co-localization
of cleaved caspase-3 with MBP* mature oligodendrocytes in the hip-
pocampus of carbofuran treated groups as compared to their respective
controls (Fig. 10a, b). To further validate these results, we performed
immunoblotting using hippocampal tissue for determining the changes
in the levels of important proteins involved in apoptosis. We observed a
significant increase in levels of cleaved caspase-3 and pro-apoptotic
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Fig. 3. Carbofuran reduces oligodendrocyte differentiation of OPCs derived from the hippocampus of rat in vitro. Cultured OPCs were subjected to differ-
entiation medium and treated with non-cytotoxic concentration of carbofuran (50 uM). The effects of carbofuran on OPC differentiation and cell fate or commitment
were assessed by immunofluorescence co-labeling of BrdU with phenotypic markers of different cell types; (a—b) MBP and (c—-d) CNPase for mature oligodendrocyte,
and (e—f) S100p for mature astrocytes. Quantitative analysis shows a significant reduction in the number of MBP/BrdU and CNPase/BrdU co-labeled cells and marked
increase in the number of S100B/BrdU co-labeled cells following carbofuran treatment as compared to control. Arrows indicate co-labeled cells in all the
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images.Values are expressed as mean

protein Bax following carbofuran exposure at both time points
(Fig. 10c, d). In contrast, we found significantly decreased levels of anti-
apoptotic protein Bcl-2 in the hippocampal tissue of carbofuran exposed
groups (Fig. 10c, d). The increase in expression of cleaved caspase-3 in
MBP™ cells suggested that carbofuran induces apoptosis in oligoden-
drocytes resulting in loss of differentiated and mature myelinating
oligodendrocytes in the hippocampus.
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SEM (n = 3 independent experiments), *p < 0.05 vs control, Scale bar = 20 ym.

3.6. Carbofuran causes ultrastructural changes in myelin sheath in the
hippocampus

The effects of carbofuran on myelin architecture in the hippo-
campus region at the ultrastructural level were observed using TEM.
Myelinated axons with compact layers of myelin lamellae were ob-
served in the control animals at both the time periods (Fig. 11a). In
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Fig. 4. Effects of carbofuran on myelination potential of oligodendrocytes in vitro. The hippocampal neurons isolated from the rat embryos were seeded in PLL
coated chamber slides and allowed to grow for 7 days. The OPCs isolated from the hippocampus of rat embryos were co-cultured with these neurons in the
differentiation medium and treated with 50 uM carbofuran. (a-b) Immunofluorescence co-labeling was performed for MBP (green) and NF (red) and counterstained
with DAPI (blue). The bar graph shows a significantly reduced number of MBP/NF co-labeled cells following carbofuran treatment in the culture. (c-d)
Immunofluorescence co-labeling was performed for B-Tubulin III (green) and MAG (red) and counterstained with DAPI (blue). The bar graph shows a significantly
reduced number of myelinated neurons as depicted from the decrease in MAG/B-Tubulin III co-labeled cells following carbofuran treatment in the culture. The
enlarged image represents a magnified view of inset within the merged image. Arrows indicate co-labeled cells in all the images. Values are expressed as
mean + SEM (n = 3 independent experiments). *p < 0.05 vs control. Scale bar = 20 um. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

contrast, we found an extensive loosening and disruption of the myelin
sheath surrounding the axons in carbofuran treated animals (Fig. 11a).
Further, we assessed myelin thickness in context of g-ratio in the
myelinated axons present in the hippocampus. The myelin g-ratio is
defined as the ratio of the inner to the outer diameter of the myelin
sheath. The g-ratio is a fundamental microstructural property of mye-
linated axons that is widely used as a functional and structural index of
optimal axonal myelination. Alteration in the value of g-ratio on either
side of its theoretical optimal value of 0.77 causes reduced conduction
velocity in the CNS (Chomiak and Hu, 2009). We found that carbofuran
exposure causes a significant deviation in g-ratio on both sides of its
theoretical optimal value (0.77) among myelinated axons of the hip-
pocampus as compared to control at both the time periods (Fig. 11b).
The g-ratio in most of the myelinated axons in carbofuran exposed
groups was in the range of 0.50-0.59 reflecting decompaction and
loosening of myelin lamellae in the carbofuran exposed groups as
compared to control. While a considerably increased number of axons
showed the value of g-ratio within a range of 0.80-0.89 which reflects a
significant demyelination in axons present in the hippocampus. In
contrast, the majority of myelinated axons in control groups showed g-
ratio within a range of 0.70-0.79, close to its theoretical optimal value
in the CNS. Moreover, we also observed that the number of axons with
decompacted myelin was significantly increased due to carbofuran
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exposure at both time periods (*p < 0.05) (Fig. 11c). These results
suggested that carbofuran exposure causes significant alteration in
myelin architecture surrounding the axons in the hippocampus of rat
brain (Additional TEM images for detailed analysis are provided in
Supplementary Fig. S2).

3.7. Carbofuran inhibits hippocampus-dependent learning and memory
functions

To explore the effects of carbofuran on learning and memory
functions in the rats, we performed two-way conditioned avoidance test
as a neurobehavioral assay in adult groups (PND90). We noticed a
significant decline in learning and memory abilities in terms of de-
creased CAR by 59.1% and 48.3% respectively in carbofuran exposed
animals as compared with control group (*p < 0.05, Fig. 12). These
results suggested that carbofuran causes cognitive deficits due to de-
fective myelination and impaired oligodendrogenesis in the hippo-
campus of rat brain.

4. Discussion

Several studies divulged the neurotoxicity of carbofuran and its
potential to cause cognitive and behavioral alterations in both animals
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Fig. 5. Carbofuran reduces OPC pool in the hippocampus of rat brain. Inmunohistochemical analysis was performed to evaluate the effects of carbofuran on
Olig-2 and PDGFR-0 immunoreactivity in the hippocampus of the rat brain at PND21 and PND90. (a,b) Immunofluorescence photomicrographs of coronal sections of
hippocampus labeled with oligodendrocyte lineage marker Olig-2. Quantitative analysis shows that carbofuran reduces the number of Olig-2* cells in the hippo-
campus at both the time points. Arrows indicate Olig-2 immuno-positive cells. ML = molecular layer, DG = dentate gyrus, GCL = granular cell layer. (c,d)
Immunofluorescence photomicrographs of hippocampal sections labeled with OPC marker PDGFR-a. Bar diagram showing a reduced number of PDGFR-a* cells in
the hippocampus region following carbofuran exposure as compared to control at both the time points. Arrows indicate PDGFR-a immuno-positive cells. Values are
represented as mean = SEM, n = 6 rat/group, *p < 0.05 vs control. Scale bar = 20 um.

and humans (Kamboj et al., 2006b; Kamboj and Sandhir, 2007; Seth
et al., 2017). Carbofuran causes endocrine disruption, neurobehavioral
alternations and reproductive abnormalities when exposed during the
gestational as well as postnatal adult period (Goad et al., 2004; Baligar
and Kaliwal, 2002). In our previous studies, we demonstrated that ge-
stational carbofuran exposure causes defects in learning and memory
abilities of rat offsprings due to inhibition of hippocampal neurogenesis
via modulation of neurogenic niche asserting the neurotoxic potential of
carbofuran and associated behavioral changes (Seth et al., 2017; Mishra
et al., 2012). However, the effects of carbofuran on myelination in the
hippocampus region of the brain are still unrevealed.
Oligodendrocytes are the chief myelinating cells of the CNS which
plays a critical role in shaping neuronal functions in the brain (Saab and
Nave, 2017). Myelination insulates the axonal membrane and helps in
rapid propagation of nerve impulses (Klingseisen and Lyons, 2018). The

event of myelination in most of the mammals starts during late em-
bryonic and early postnatal life, which continues for several years in
adults after birth (Young et al., 2013). The principal component of the
myelin sheath is myelin lipids and alternations in the levels of total
phospholipid, lecithin, sphingomyelin, cholesterol and cerebroside
have been speculated in case of many demyelinating diseases (Narayan
and Thomas, 2011; Podbielska et al., 2011). The lipid peroxidation also
appears to be a major contributing event in the demyelination, possibly
through an increase of ROS generation in the brain. It has been reported
that carbofuran causes a decline in total phospho-lipid and its fractions
in the brain (Gupta et al., 1986). Decreased levels of total phospholipid
and increased lipid peroxidation in the brain due to carbofuran ex-
posure might account for constitutional and structural changes in the
myelin sheath. Earlier studies have shown that functional acetylcholine
receptors (AChR) are present on purified myelin fractions, OPCs and
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colour in this figure legend, the reader is referred to the web version of this article.)

mature oligodendrocyte isolated from the brain (De Angelis et al., 2012;
Larocca and Almazan, 1997; Larocca et al., 1987). Although the func-
tion of cholinesterase activity in white matter is still not well under-
stood, an earlier study showed that AChE activity peaked during per-
iods of myelination, suggested acetylcholine signaling as a mechanism
for functional activity in the axon to stimulate myelination (Kim et al.,
1972). Some other studies recognized AChR induced activation of in-
tracellular signaling pathways in OPCs and verified the presence of
functional AChR in myelinating glia (Larocca and Almazan, 1997;
Takeda et al., 1995). The expression of ACh receptors reported in oli-
godendrocytes suggests that these cells could be a target for ACh actions
and AChE inhibitors. The proliferation, differentiation and survival of
OPCs are influenced by activation of AChR in a complex manner that
depends on the developmental stage and receptor subtype (Belachew
et al., 1998; He and McCarthy, 1994). In the current study, the primary
mode of neurotoxicity of carbofuran is the inhibition of AChE, which
could also disturb proliferation and differentiation of oligodendrocytes
via altered ACh signaling.

On the basis of these studies exhibiting the effects of carbofuran on
lipid levels and neurobehavioural alterations in rats, we hypothesized
that exposure of carbofuran might cause an alteration in the process of
myelination. The impaired myelination of hippocampal neurons ad-
versely affects the learning and memory abilities of the organism
(Huang et al., 2009). The impairment of axonal myelination in the brain
leads to serious consequences including neurological disorders such as
schizophrenia and multiple sclerosis (Chambers and Perrone-Bizzozero,
2004; Dulamea, 2017). Therefore, we first performed in vitro studies
using hippocampal derived OPCs to determine the effects of carbofuran
on their proliferation and differentiation. We observed a concentration-
dependent decrease in cell viability of OPCs due to carbofuran similar
to those its effects on NSCs (Seth et al., 2017). In line with this, we also
found a significant decrease in the incorporation of BrdU in PDGFRa ™
and Olig-2* progenitor cells of oligodendrocytes, suggesting that car-
bofuran hampers proliferation of OPCs in the culture conditions. Fur-
ther, we observed that treatment of carbofuran remarkably decreased
differentiation of OPCs into mature oligodendrocytes as observed by a
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Fig. 7. Carbofuran reduces immunoreactivity of MBP in early postnatal and adult hippocampus of the rat brain. (a) Representative fluorescence images
showing hippocampal sections of the brain immunostained with MBP. The MBP* fibers are most abundantly visualized in the hilus region of DG and stratum oriens
of CA3. (b) Graphical representation of immunoreactivity of MBP in different regions of the hippocampus at PND21 and PND90. DG = dentate gyrus, CA = cornu
ammonis, SLM = stratum lacunosum-moleculare, ML = molecular layer, GCL = granule cell layer, SR = stratum radiatum, SO = stratum oriens. Values represented

as mean + SEM, n = 6 rat/group, *p < 0.05 vs control. Scale bar = 20 um.

reduction in the number of MBP/BrdU* and CNPase/BrdU™ cells in
vitro. Interestingly, we found that stress imposed by carbofuran treat-
ment diverts OPCs towards astrocyte fate as depicted from the in-
creased number of S100B3/BrdU* cells in vitro. These findings are
corroborated by an earlier study showing stress conditions like white
matter stroke induces astrocytic transformation of OPCs (Sozmen et al.,

2016). A recent study showed that elevation in S100(3 protein levels
also leads to induce an inflammatory response and impaired oligo-
dendrogenesis in the brain (Santos et al., 2018).

The process of myelination involves a complex sequence of events
including proliferation, migration, differentiation of OPCs and their
maturation into myelinating oligodendrocytes (Simons and Nave,
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Fig. 8. Effects of carbofuran on immunostaining for MBP and NF in the hippocampus at PND21 and PND90. (a) Representative images showing MBP and NF-
positive fibers in DG region of the hippocampus. (b) Quantitative analysis of Manders coefficient showed that the co-localization MBP/NF was significantly reduced
in carbofuran treated groups at both the time points. Values represented as mean + SEM, n = 6 rat/group, *p < 0.05 vs control. Scale bar = 20 um.

2015). Interference with any of these critical events due to carbofuran
exposure could disrupt the normal process of myelin formation in the
brain. Therefore, we also investigated the effects of carbofuran on
myelination in the hippocampus during prenatal (GD7-PND21) and
postnatal (PND21-PND90) brain development by assessing various
markers for different stages of oligodendrocyte development.

Olig-2 is a basic helix-loop-helix transcription factor which is asso-
ciated with specification and differentiation of OPCs (Wang et al.,
2014). Ablation of Olig-2 in OPCs has been reported to attenuate dif-
ferentiation and myelination in the spinal cord (Lu et al., 2002). In the
present study, we found that the number of Olig-2" progenitors of
oligodendrocytes significantly decreased in the hippocampus of car-
bofuran treated groups as compared to their respective controls at both
the time points. A direct negative effect of carbofuran on the pool of
OPCs was further indicated by the reduced number of PDGFR-a* cells
in the hippocampus of carbofuran exposed rats.

Further, immunofluorescence staining showed significantly reduced
fluoromyelin intensity and immunoreactivity of MBP and MAG in the
hippocampus following carbofuran exposure as compared to the control

of matching age. MBP is an essential structural component for the
formation of the multilamellar myelin sheath and functions as ad-
hesives for compact myelin formation. Neurofilament proteins (NF) are
the major component of cytoskeleton of mature neurons that determine
the shape of cells, caliber of axonal projections, and maintenance of
axonal transport (Wang et al., 2012). We found carbofuran exposure
reduces MBP/NF co-labeling in the hippocampus as well as MAG/f-
Tubulin co-labeled cells in vitro, suggesting reduced myelination po-
tential of oligodendrocytes in axons of hippocampal neurons. Pro-
gressive loss of myelin also results in axonal degeneration due to the
disruption of axon-oligodendrocyte signaling (Alizadeh et al., 2015).
Thus, reduced co-localization of MBP/NF due to carbofuran leads to
altered axon caliber, which might be a possible reason for cognitive
dysfunction. Similarly, other environmental contaminants such as
heavy metals also induced demyelination in the CNS (Brubaker et al.,
2009; Rai et al., 2013). MAG is a transmembrane glycoprotein that is
selectively localized to oligodendroglial membranes (Pronker et al.,
2016). Ablation of MAG results in axonal injury with focal swellings
and spheroids formation (Loers et al., 2004). Carbofuran exposure also



B. Seth et al.

(a)
B Control PND21

m Carbofuran PND21

1.2 5

Relative mRNA expression

<
C‘)QQ& Q\'
®°
o o0
N Y Q Y
(b) & & FH &
\Q ('b \? "'b
& <0 & <© &
8 & X & &
" me e = e wmie= = | PDGFR-a
(190 KDa)
= 1
- : | MAG
=EE - & === (63kDa)
Bl - =
- CNPase
-'-----ﬁ—- (48 kDa)
— g-Actin
& -i--i--i-- (42 kDa)
(© 45,
o
=+
3
£ 1.0 1
o
<
o
205
8
Q
4
0 -

PDGFR-«

MAG CNPase

Neurotoxicology 70 (2019) 161-179

W Control PND90
m Carbofuran PNDS0

* *®
(¢ & 2 R <
W N\ © \‘\0% «
fL’\ QQ
A N O
(d) Q\\oq' 9}8 Q\\o QOQ
&« & o &
AP S - P
A v o <
w1 FTT T B
. ¥ - a
- E | |
- 1 -' '. 4 PLP
- | ; : 1 (30-32 kDa)
S !
= e
_‘ I wmBP

(17-21 kDa)

- - | P-Actin
— o (42 kDa)
(e) 1.5 -
®
Q
=
2
£ 1.0
3]
S
o
2051
&
[
[
0 o

Olig-2

PLP MBP
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gene for normalization. (b-e) Western blot analysis of the levels of PDGFR-a, MAG, CNPase, Olig-2, PLP and MBP proteins in the hippocampal tissues at PND21 and
PND90. The relative protein levels were normalized to B-actin. Values are expressed as mean = SEM (n = 6 rats/group). *p < 0.05 vs control.

reduced immunoreactivity of MAG in the hippocampus region at both
the time points, which may be responsible for disruption of myelin
sheath.

The process of myelination and oligodendrocyte maturation is
regulated by coordinated expression of several specific genes during the
development of brain. We observed down-regulation of Olig-2, NG2 and

PDGFR-a genes involved in oligodendrocyte lineage specification due
to carbofuran exposure. We also found that carbofuran reduces the
expression of MBP, PLP, CNPase, MAG and MRF genes, which are ac-
tively involved in oligodendrocyte maturation and functional myelin
sheath formation. MRF is a key regulator and direct activator of many
genes important in the production of myelin. It has also been reported
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that genes important in the development and maintenance of myelin of OPCs proliferation and oligodendrocyte maturation.

sheaths such MAG, PLP, MBP and MOG were down-regulated following Next, we checked the ultrastructural changes in myelin sheath using
ablation of MRF (Emery et al., 2009). Therefore, low expression of MRF electron microscopy post carbofuran exposure at both the time periods.
due to carbofuran exposure might be one of the major responsible It is generally believed that the myelinated axons constrain themselves
factors for reduced myelination in the hippocampus of brain. These to achieve maximal efficiency and conduction velocity with a balanced
findings were further substantiated by results obtained from im- set-point of g-ratio in the CNS (Chomiak and Hu, 2009). We observed a
munoblotting of proteins involved in myelination and oligodendrocyte deviation of g-ratio from its theoretical optimum value (~0.77) in
development. The low levels of PDGFR-a and Olig-2 proteins in car- carbofuran treated rats. Most of the myelinated axons showed lower
bofuran treated rats confer anti-proliferative effects of carbofuran on values of g-ratio reflecting significant de-compaction and loosening of
oligodendrocyte progenitors. While, reduced protein levels of MBP, the multi-laminated sheath in carbofuran exposed rats. Many of the
PLP, CNPase and MAG in carbofuran exposed groups further showed axons exhibited higher g-ratio values than an optimum set point in the
negative effects of this pesticide on oligodendrocyte maturation and carbofuran exposed groups representing significant demyelination in
axonal myelination. PLP is one of the most abundant proteins in the the hippocampus. The adhesion molecules such as hydrophobic PLP,
CNS and has an important role in stabilization of myelin sheath (Lee MBP and MAG execute a crucial role in the formation and maintenance
et al., 2010). CNPase is an enzyme plays a key role in trans-membrane of compact myelin sheath (Baumann and Pham-Dinh, 2001). As we
protein-protein interactions for stabilization of myelin sheath observed decreased levels of these proteins in carbofuran treated rats, it
(Raasakka and Kursula, 2014). These results suggest that carbofuran could be one of the possible reasons for the increased decompaction of
causes hypo-myelination in the hippocampus due to noticeable altera- myelin following carbofuran exposure.

tion in the expression of genes and proteins involved in the regulation Several reports have been documented the role of carbofuran in the
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generation of oxidative stress and apoptosis in the brain (Gupta et al.,
2007; Jaiswal et al., 2014). In the present study, we also found that
carbofuran induces apoptosis in mature oligodendrocytes as suggested
by increased MBP/Cleaved caspase-3 co-localization and altered key
determinants of apoptosis (Bax and Bcl2 protein levels) in the hippo-
campus resulting in the reduced survival of oligodendrocytes. Several
pieces of evidence suggest the involvement of myelin in cognition,
development of skills, learning and memory (Chambers and Perrone-
Bizzozero, 2004; Chao et al., 2018; Wischhof et al., 2015). Therefore,
we studied the effects of carbofuran exposure on cognitive function of
the rats. We observed that carbofuran treated rats showed poor learning
and memory performance in active avoidance test. Therefore, learning
and memory deficits in carbofuran treated rats can be correlated with
significant loss of myelin and OPCs pool in the hippocampus. These
findings are corroborated by previous studies which showed altered
cognitive abilities in rats following carbofuran exposure (Kamboj and
Sandhir, 2007; Seth et al., 2017; Kamboj et al., 2006b). During gesta-
tion, the liver and blood-brain barrier in the fetus are poorly developed
due to which they are not able to detoxify carbofuran and it easily
approaches to brain tissue. So, even small amount of carbofuran ex-
posure during the short period of prenatal development causes ex-
tensive damage and exhibits almost similar neurotoxic effects in com-
parison to its exposure for longer duration in adults. Thus, we observed
almost similar effects of carbofuran on myelination during its prenatal
and adult exposure. Further work is required to dissect the exact mo-
lecular mechanism underlying demyelination caused by carbofuran
exposure. Carbofuran may affect myelination through a variety of
mechanisms beyond its property of cholinesterase inhibition. Notch and
TGF-f signaling pathways are known to regulate OPC proliferation and
differentiation (Zhang et al., 2009; Palazuelos et al., 2014). The upre-
gulation of TGF-f signaling in OPCs causes reduced proliferation
(Palazuelos et al., 2014). In our previous study, we have found that
carbofuran increases TGF-3 levels and its downstream regulators in the
hippocampus resulting in inhibition of hippocampal neurogenesis,
which could be another explanation for the possible mechanism un-
derlying carbofuran mediated altered myelination (Seth et al., 2017).

Altogether, these results suggest that carbofuran significantly in-
hibits myelination potential in the hippocampus due to impaired pro-
liferation, maturation and survival of oligodendrocytes.

5. Conclusions

Conclusively, our study demonstrated that prenatal and post-natal
carbofuran exposure inhibits proliferation, maturation and differentia-
tion of OPC, and induces apoptosis in oligodendrocytes resulting im-
paired myelination in the hippocampus region of rat brain. The im-
paired myelination due to carbofuran was found to be associated with
learning and memory defects in the rats. In future, further elucidation
of the cellular and molecular mechanisms of carbofuran mediated im-
paired myelination is required to better understand the impact of this
pesticide exposure during critical periods of the brain development.
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