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Abstract

Exposure to environmental contaminants, such as organochlorine insecticides during critical
periods of neurodevelopment has been shown to be a major contributor to several
neuropsychological deficits seen in children, adolescence, and adults. Although the
neurobehavioral outcomes resulting from exposure to these compounds are known the
neurotransmitter circuitry and molecular targets that mediate these endpoints have not been
identified. Given the importance of the frontal cortex in facilitating numerous neuropsychological
processes, our current study sought to investigate the effects of developmental exposure to the
organochlorine insecticide, endosulfan, on the expression of specific proteins associated with
neurotransmission in the frontal cortex. Utilizing in vitro models we were able to show endosulfan
reduces cell viability in IMR-32 neuroblastoma cells in addition to reducing synaptic puncta and
neurite outgrowth in primary cultured neurons isolated from the frontal cortex of mice.
Elaborating these findings to an in vivo model we found that developmental exposure of female
mice to endosulfan during gestation and lactation elicited significant alterations to the GABAergic
(GATL, vGAT, GABAA receptor), glutamatergic (vGlut and GIuN2B receptor), and dopaminergic
(DAT, TH, VMAT?2, and D2 receptor) neurotransmitter systems in the frontal cortex of male
offspring. These findings identify damage to critical neurotransmitter circuits and proteins in the
frontal cortex, which may underlie the neurobehavioral deficits observed following developmental
exposure to endosulfan and other organochlorine insecticides.
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INTRODUCTION

Increasing evidence suggests that exposure to environmental chemicals during critical
periods of brain development can have detrimental effects on normal neuropsychological
development (Bellinger, 2013; Grandjean and Landrigan, 2014). Chlorinated pesticides have
been used extensively to mitigate the detrimental health effects of insects to the human
population as well as food crops in agricultural settings. In general, these compounds are
extremely lipophilic and resistant to degradation, which allows them to accumulate and
persist in the environment for several years following their use. In the last decade
epidemiological and laboratory findings have identified chlorinated pesticides, including
DDT, dieldrin, heptachlor, and endosulfan, as potential risk factors for neurobehavioral
deficits following exposure during critical periods of neurodevelopment (Caudle et al., 2005;
Eskenazi et al., 2008; Puertas et al., 2010; Ribas-Fito et al., 2007; Richardson et al., 2006;
Richardson et al., 2008; Roberts et al., 2007; Sioen et al., 2013).

While most organochlorine pesticides have seen their manufacture and use reduced or
discontinued, the impact on human health by endosulfan specifically has just recently been
recognized, resulting in proposed use reduction and potential elimination within the next
several years. However, like other organochlorines, endosulfan is extremely resistant to
degradation and breakdown exhibiting a half-life of up to 6 years, which allows it to remain
in the environment, leading to repeated or continual exposure to the human population. As a
result, endosulfan has been demonstrated to accumulate in significant levels in human tissue,
including fat, liver, kidney, and brain. In addition, high levels of endosulfan have been
recorded in the cord blood and breast milk of pregnant women (Jimenez Torres et al., 2006;
Moreno Frias et al., 2004). These findings raise particular concern for exposure during fetal
development, both during gestation as well as postnatally, and the effect that this exposure
may have on development of the nervous system.

Neurodevelopment is composed of multiple critical processes that occur in utero and
continue throughout infancy, childhood, and adolescence, which must be precisely
accomplished in order to ensure the proper maturation, connection, and function of neural
circuits (Rice and Barone, 2000). A key mediator of neurodevelopment is the
neurotransmitter GABA, which acts upon all neuronal types via the GABA receptors located
on adjacent neurons to facilitate various aspects of neurogenesis, neuronal migration and
synaptic formation (Akerman and Cline, 2007; Ben-Ari, 2002; Represa and Ben-Ari, 2005).
The functional importance of the GABAergic system in the context of developmental
exposure to endosulfan is of interest given that the premier target of endosulfan is inhibition
of the GABA, receptors (Casida, 1993; Kamijima and Casida, 2000), resulting in an
alteration in GABAergic signaling in the central nervous system. Reports have shown that
exposure to GABA antagonists cause an alteration in neuronal outgrowth and migration in
the cortex resulting in a disordered cortical architecture similar to that found in human
patients (Behar et al., 1998; Gleeson and Walsh, 2000; Liu et al., 1997).

The frontal cortex, which is extensively innervated by the GABAergic, glutamatergic and
dopaminergic neurotransmitter systems, has been implicated in mediating many cognitive
functions often found to be altered in multiple neurobehavioral disorders, including
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cognitive deficits, autism spectrum disorder (ASD), and schizophrenia (DeLorey et al.,
2008; Fatemi et al., 2010; Gaspar et al., 2009; Lewis and Sweet, 2009; Mohler, 2007; Zahr
et al., 2008). Indeed, it appears that deficits in cognitive processes arise from disruptions in
proteins critical for normal functioning of these neurotransmitter systems (Bragina et al.,
2008; Dzirasa et al., 2009; Homayoun and Moghaddam, 2007; Simons et al., 2013).
Although a few studies have identified modifications to levels of neurotransmitters, such as
GABA, glutamate, and several monoamines in the frontal cortex of animals developmentally
exposed to endosulfan (Cabaleiro et al., 2008; Lakshmana and Raju, 1994), our
understanding of the cellular and molecular processes that may underlie these alterations and
contribute to subsequent neurobehavioral deficits are largely unknown. Thus, our current
study sought to investigate the potential neuronal targets in the frontal cortex of animals
developmentally exposed to endosulfan. Using in vitro and in vivo models we evaluated the
neurotoxic potential of endosulfan on a neuroblastoma cell line in addition to primary
cultured neurons isolated from the frontal cortex of postnatal mice. These data then helped
to inform our assessment of specific markers of the GABA, glutamate, and dopamine
circuits in the frontal cortex of mice exposed to endosulfan throughout gestation and
lactation. This information will serve to elaborate our understanding of the neurological
targets and alterations following endosulfan exposure and will provide insight into the
potential neuropathological endpoints responsible for subsequent neurobehavioral indices.

MATERIALS AND METHODS

Chemicals and reagents

a-Endosulfan was purchased from Accustandard (New Haven, CT). Hibernate A and
Hibernate A- Calcium were purchased from BrainBits (Springfield, IL). B27, DNasel, and
Neurobasal A were purchased from Life Technologies (Carlsbad, CA). Papain was obtained
from Sigma (St. Louis, MO). Dispase Il was purchased from Roche (Nutley, NJ). The BCA
protein assay kit was obtained from Pierce (Rockford, IL). Aphidicolin was purchased from
A.G. Scientific (San Diego, CA). Monoclonal anti-rat dopamine transporter (DAT) and
polyclonal anti-rabbit tyrosine hydroxylase (TH) were purchased from EMD Millipore
(Billerica, MA). Rabbit anti-D2 receptor and monoclonal anti-mouse actin antibodies were
purchased from Sigma (St. Louis, MO). Rabbit anti-GABA transporter 1 (GAT1), rabbit
anti-vesicular GABA transporter (vVGAT), mouse anti-GABAx 2a receptor subunit, rabbit
anti-vesicular glutamate transporter (vGlut) were purchased from Synaptic Systems
(Germany), rabbit anti-synapsin and mouse anti-GIuN2B receptor subunit were purchased
from BD Transduction (San Jose, CA), mouse anti-microtubule associated protein 2 (MAP2)
antibodies was purchased from Abcam (San Francisco, CA). Polyclonal anti-rabbit vesicular
monoamine transporter 2 (VMAT?2) antibodies were generated by Covance to the C-terminal
sequence in mouse (CTQNNVQPYPVGDDEESESD). Secondary antibodies conjugated to
horseradish peroxidase were obtained from Jackson Immunoresearch Laboratories (West
Grove, PA). Secondary antibodies conjugated to fluorescent tags were obtained from Life
Technologies (Grand Island, NY). SuperSignal West Dura Extended duration substrate and
stripping buffer were obtained from Pierce. 3,3’ Diaminobenzidine (DAB) was purchased
from Sigma (St. Louis, MO).
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IMR-32 neuroblastoma cells

Given that endosulfan has been shown to target and inhibit GABA receptors, the IMR-32
neuroblastoma cell line was chosen to investigate the neurotoxic potential of endosulfan due
to their documented expression of GABA receptors and response to other GABAergic
compounds, in vitro (Anderson et al., 1993; Noble et al., 1993; Sapp and Yeh, 2000). Cells
were cultured in DMEM F12 media supplemented with 100 units/ml penicillin, 100 units/ml
streptomycin, and 10% fetal bovine serum. Cells were cultured at 37°C in a humidified
atmosphere with 5% CO, and propagated according to the protocol provided by ATCC.
When cells were confluent, they were passaged to 40,000 cells per well in 96-well plates at
100 pl for treatment with endosulfan. Cell death was assessed using the WST-1 Cell
Proliferation assay. Following treatment for 24 hrs with 25, 50, 100, 200, 300, 400 uM of
endosulfan dissolved in DMSO, 10 pl/well of Cell Proliferation Reagent WST-1 was added
to cells and incubated for 3 hrs at 37°C and 5% CO». Cytotoxicity was then measured by
enzymatic cleavage of the tetrazolium salt WST-1 to a water-soluble formazan dye detected
by spectral absorbance. Viable cells form more formazan than less viable cells. Spectral
absorbance was measured at 450 nanometers on an Epoch BioTek microplate
spectrophotometer and analyzed using Gen5 software (2.0) and GraphPad software.

Primary culture of cortical neurons

Primary cortical cultures were generated as previously described (Bradner et al., 2013a),
with modifications. Briefly, neuron cultures from postnatal mice (postnatal day 1-3) PND
1-3 were isolated from the frontal cortex, which included the medial aspect of the frontal
cortex but did not include tissue from the striatum or limbic system. Mouse brains were
dissected in ice cold Hibernate A supplemented with B27. Following isolation of the
relevant region and the removal of meninges, tissue pieces were chemically treated with a
dissociation solution containing Papain (1 mg/ml), Dispase Il (1.2 units/ml), and DNase 1 (1
ul/ml) dissolved in Hibernate A- Calcium for 20 min at 37°C and gently agitated every 5
mins. Tissue was then rinsed in plating media containing Neurobasal-A, 10% heat
inactivated fetal bovine serum, pen-strep, and mechanically dissociated using gentle
trituration. Cells were plated on poly-d-lysine pre-coated 96 well plates at 40,000 cells per
well. Plating media was removed and immediately switched to Neurobasal-A based culture
media containing B27, 1% L-glutamine, 1% penicillin-streptomycin, and aphidicolin (1
ug/ml) after 2 hrs, in vitro. Primary cultures were treated 2 hrs after plating with increasing
concentrations of endosulfan (1-5 pM) dissolved in DMSO and further diluted in cell
culture media. For all control and endosulfan treatment experiments the final concentration
of DMSO was <0.05% and no toxicity was observed at this percentage. Neurons were
continually treated with endosulfan or control for 9 days, with fresh endosulfan and media
added daily. Following treatment, cultures were fixed in 4% PFA for 20 mins and incubated
overnight in mouse anti-MAP2 and rabbit anti-synapsin at 4°C. The following day, cultures
were incubated with fluorescent secondary antibodies, goat anti-mouse 572 and goat anti-
rabbit 488 for 1 hr at room temperature. After staining with DAPI, cells were rinsed and
stored in PBS. Images of treated cultures were obtained using the 10x objective on an Array
Scan VTI HCS (Cellomics; Pittsburgh, PA). Twenty-five contiguous fields were taken per
well, DAPI+ nuclei were counted, MAP2+ cell bodies were identified, and neurite length
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and synaptic puncta were recorded for all fields containing at least one MAP2+ cell body.
Obijects were identified and measured using the neuronal profiling bioapplication from
Thermo Scientific. Image analysis workflow was identical to that determined by Harrill et
al., (2011). In brief, cell bodies were selected or rejected based upon predefined pixel
intensity and morphological parameters. Neurites emerging from selected cell bodies were
individually identified and traced while synapsin positive puncta were identified based upon
signal intensity. Only synapsin positive puncta that were: 1) within the boundaries of the
neurite or 2) within 1 uM of the traced neurite were quantified. Synapsin positive puncta that
did not adhere to these parameters where not included in analysis. Statistical significance
between the control and treatment groups for neuron count, and neurite length, and synaptic
puncta were determined using GraphPad analysis software.

Animals and treatment

Eight week old female and male C57BL/6J mice purchased from Jackson Laboratory (Bar
Harbor, ME, USA) were used for developmental studies. Mice were maintained on a 12:12
light/dark cycle. Food and water were available ad libitum. All procedures were conducted
in accordance with the Guide for Care and Use of Laboratory Animals (National Institutes
of Health) and were previously approved by the Institutional Animal Care and Use
Committee at Emory University.

Female mice were randomly assigned to treatment groups and were orally dosed with 1
mg/kg endosulfan dissolved in corn oil vehicle and mixed with peanut butter every 2 days
for 2 weeks prior to introducing male mice for breeding. Control mice received an
equivalent amount of corn oil vehicle in peanut butter. Mice were monitored to ensure total
consumption of the treatment dose, which generally occurred within 10 mins. Oral exposure
was to mimic the most likely route of exposure to endosulfan in the current human
population, which is through ingestion of contaminated food. The chosen dosage is 7.36-fold
less than the acute oral LD5g in mice no observable adverse effects level (NOAEL) (Smith,
1991). Peanut butter was chosen as the method of exposure to reduce stress to the dam
during gestation. Stress from repeated injections via oral gavage during gestation has been
shown to alter GABA subunit development (Liu et al., 1997). Dosing continued on the
same schedule throughout gestation and lactation and dams were allowed to give birth and
litters were culled to 6-8 pups/litter on PND 1, to ensure standardized nutritional
availability. On PND 21 pups were separated by litter and by sex until approximately 12
weeks of age when male offspring were sampled. Each litter was considered as an individual
unit of analysis (N=6-8).

Immunoblot analysis

Western blots were used to quantify the amount of several targets, including GAD67,
GATL, vGAT, GABAA 2a receptor subunit, vGlut, GIuN2B receptor subunit, DAT, TH,
VMAT2, and dopamine D2 receptor in samples of frontal cortex isolated from treated and
control mice. Analysis was performed as previously described (Bradner et al., 2013b).
Briefly, samples were homogenized, subjected to polyacrylamide gel electrophoresis and
electrophoretically transferred to polyvinylidene difluoride membranes. Nonspecific sites
were blocked in 7.5% nonfat dry milk in Tris-buffered saline and then membranes incubated
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overnight in primary antibody. Antibody binding was detected using a horseradish
peroxidase secondary antibody (1:10,000) and enhanced chemiluminescence. The
luminescence signal was captured on an Alpha Innotech Fluorochem imaging system and
stored as a digital image. Membranes were stripped for 15 mins at room temperature with
Pierce Stripping Buffer and sequentially reprobed with additional antibodies, including
actin. Actin blots were used to ensure equal protein loading across samples.

Immunohistochemistry

Tissue staining was performed as described previously (Bradner et al., 2013b; Caudle et al.,
2006). Briefly, whole brains were immersion fixed in 4% paraformaldehyde and serially
sectioned at 40 um. Sections were incubated with rabbit anti-GAT1, rabbit anti-vGAT,
mouse anti-GABAx 2a receptor subunit, and rabbit anti-vGlut overnight and then incubated
in a biotinylated secondary antibody for 1 hr at room temperature. Visualization was
performed using DAB for 3 mins at room temperature. After DAB, tissue was mounted on
slides, dehydrated, and coverslipped.

Statistical analysis

RESULTS

All analysis was performed on raw data for each treatment group by one-way ANOVA or
Students t-test. Post hoc analysis was performed using Tukey’s post hoc test. Significance is
reported at the p < 0.05 level.

Effects of endosulfan on IMR-32 cells

We first assessed the general cytotoxicity of endosulfan on the IMR-32 neuroblastoma cell
line. This cell line was chosen as it has been shown to express GABAergic receptors
(Anderson et al., 1993; Noble et al., 1993; Sapp and Yeh, 2000). Given that endosulfan has
been demonstrated to be a GABA receptor antagonist, these cells serve as an effective in
vitro model to evaluate endosulfan toxicity on neuronal cells. Exposure to increasing
concentrations of endosulfan for 24 hrs caused a reduction in cell viability with 25 pM
causing a 20% reduction in viability while 400 pM resulted in a 70% decrease (Figure 1).
These findings provided a generalized assessment of the neurotoxicity of endosulfan on a
neurally-derived cell line, further supporting a potential role for endosulfan in neurotoxicity
in the mammalian brain.

Effects of endosulfan on primary cultured cortical neurons

Given these results, we next sought to elaborate the complexity of our exposure paradigm by
examining the effects of endosulfan exposure on primary cultured neurons isolated from the
frontal cortex. This region is extensively innervated by the GABAergic, glutamatergic, and
dopaminergic neurotransmitter systems and disruption of neural circuitry within this region
has been implicated in several neurological disorders. Exposure of neurons to increasing
concentrations of endosulfan for 9 days resulted in dose-dependent alterations to neuron
number, neurite length, and synapsin positive puncta. Initial exposure to 1 uM endosulfan
caused a 47% increase in the number of neuronal cells present in the culture. In contrast,
subsequent exposure to 5 UM of endosulfan resulted in a 36% reduction in the number of
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neurons in our cultures (Figure 2A). However, these higher concentrations of endosulfan did
not elicit a significant effect on neuron number in our cultures. Using this same treatment
paradigm we also simultaneously assessed the effect of endosulfan treatment on the
outgrowth of neurites from the cell body. Exposure to endosulfan caused a significant
reduction in neurite length ranging from 16% with 1 uM to 24% with 5 uM (Figure 2B and
D), suggesting that exposure to endosulfan may cause moderate damage to the neuronal
processes in the frontal cortex prior to affecting the neuronal cell body. Evaluation of
alterations to synapsin positive puncta in neurons exposed to endosulfan demonstrated a
more robust reduction beginning with a 12.5% decrease with 1 pM of endosulfan up to a
50% reduction with 5 uM (Figure 2C and D). These decreases in synaptic puncta suggest
that this endpoint may be especially sensitive to the effects of endosulfan exposure.

Effects of developmental exposure to endosulfan on the frontal cortex, in vivo

Next, we generated an in vivo developmental exposure model in order to evaluate the
neurological effects of endosulfan on the developing nervous system in the frontal cortex of
male offspring. Dams treated with endosulfan or control did not display any overt signs of
toxicity and there were no adverse effects on pup growth rate or other general health
endpoints (data not shown). Additionally, treatment with endosulfan did not influence sex
ratios of the litters or numbers of pups per litter (data not shown).

Assessment of alterations to several markers of the GABAergic neurotransmitter system in
the frontal cortex demonstrated a 23% reduction in protein expression of VGAT in the
offspring, compared to control treated as assessed by immunoblotting and
immunohistochemical methods (Figure 3A). Similarly, the plasmalemmal GABA
transporter, GAT1, showed a 21% decrease in protein expression relative to control (Figure
4A). In contrast, protein expression of the GABAA 2a receptor subunit was increased by
91% in endosulfan exposed offspring, compared to control (Figure 5A). No change was seen
in GADG7 expression in the frontal cortex (data not shown). These findings indicate that
exposure to endosulfan during neurodevelopment causes significant alterations in the
expression of proteins that are critical to the function of the GABA neurotransmitter system
in the frontal cortex.

Evaluation of the glutamatergic neurotransmitter system revealed similar alterations to
protein expression, with endosulfan exposure eliciting a 178% increase in expression of the
vGlut in the frontal cortex of offspring (Figure 6A). In contrast, the postsynaptic glutamate
receptor, GIUN2B receptor was significantly decreased by 32%, compared with control
offspring (Figure 6B). These results suggest that developmental exposure to endosulfan
results in changes in proteins involved in glutamatergic neurotransmission, as seen by
elevations in vGlut and reductions in GIUN2B receptor subunit.

Finally, investigation of the effects of developmental endosulfan exposure on the
dopaminergic neurotransmitter system in the frontal cortex demonstrated a 53% reduction in
expression of the plasma membrane dopamine transporter, DAT, compared with control
treated animals (Figure 7A). Similarly, the expression of the rate-limiting enzyme in
dopamine synthesis, TH was also reduced by 44% in the endosulfan-exposed offspring
(Figure 7B), with a concomitant 39% reduction in expression of VMAT2 (Figure 7C). In
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contrast to the reductions seen in DAT, VMATZ2, and TH, expression of the dopaminergic
D2 receptor was increased 90% in the endosulfan treated animals (Figure 7D). These data
demonstrate a significant alteration in both presynaptic and postsynaptic dopaminergic
proteins that are important in mediating dopaminergic neurotransmission.
DISCUSSION

Recent epidemiological studies have demonstrated exposure to organochlorine compounds,
including pesticides during critical periods of neurodevelopment, can significantly
contribute to several cognitive and psychomotor deficits in children (Eskenazi et al., 2008;
Puertas et al., 2010; Ribas-Fito et al., 2007; Roberts et al., 2007; Sioen et al., 2013).
However, further identification of specific compounds contributing to these neurological
alterations and subsequent elucidation of their underlying mechanisms remains to be
established. In this study we first utilized in vitro models to establish the neurotoxic
potential of endosulfan in both the IMR-32 neuroblastoma cell line as well as cortical
neurons isolated from postnatal mouse brain. These findings were then elaborated to an in
vivo model of developmental exposure to endosulfan. Data collected from each of these
models demonstrates that exposure to endosulfan during critical periods of
neurodevelopment causes a significant alteration to proteins involved in maintaining normal
neurotransmitter signaling in the GABAergic, glutamatergic, and dopaminergic
neurotransmitter systems that innervate the frontal cortex. These findings further suggest
that these neurotransmitter circuits are especially vulnerable to exposure to endosulfan
during development and these detriments may contribute to many of the cognitive and
psychological deficits observed in children developmentally exposed to pesticides.

In order to gain an understanding of the general neurotoxicity of endosulfan on neuronal
cells we first evaluated its impact on cell viability using the IMR-32 human neuroblastoma
cell line that expresses measurable and functional levels of GABA receptor (Anderson et
al., 1993; Noble et al., 1993; Sapp and Yeh, 2000). Having this model was important as
endosulfan specifically targets and inhibits this receptor, thus providing us with a unique in
vitro model that more appropriately mirrors the biological processes of mammalian neurons
being affected by endosulfan. Indeed, as we observed a significant dose-dependent reduction
in cell viability in IMR-32 cells following exposure to endosulfan, this loss was greatly
diminished at similar concentrations of endosulfan in SK-N-SH cells, another human
neuroblastoma cell line (data not shown) that does not appear to contain relevant levels of
the GABA receptor (Starosta-Rubinstein et al., 1987). While this cell line has not been
previously used to evaluate the neurotoxic potential of endosulfan, it has been used to
investigate other insecticides that may potentially interact with the GABA receptors, such
as pyrethroid and organophosphorous insecticides (Cova et al., 1995; Fakata et al., 1998).

Extending our findings in the IMR-32 cells to a more sophisticated in vitro system we found
that cortical neurons from postnatal mouse pups were also vulnerable to the neurotoxic
effects of endosulfan, demonstrating a reduction in neuronal viability as well as neurite
outgrowth and synapse formation. These findings are well aligned with previous studies that
utilized brainstem neurons to examine the role of GABA as a trophic factor in neuronal
development. Using dieldrin, another organochlorine insecticide similar to endosulfan,
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investigators were able to demonstrate the importance of GABAergic signaling in neuronal
development and subsequent detriment to this process when these signals were altered, such
as the case following blockade of the GABAA receptors (Liu et al., 1997). Thus, we
hypothesize that the alterations to cortical neurons following exposure to endosulfan are
mediated by this disruption in GABAergic signaling. In contrast to these findings, we
initially demonstrate a significant increase in the number of neurons following treatment
with 1 uM endosulfan for 9 days. Although the precise mechanisms responsible for this
effect are unclear, it would appear that exposure to endosulfan at this concentration is
attenuating neuronal loss, rather than increasing neuronal proliferation, as cultured neurons
are post-mitotic and incapable of dividing. One possible mechanism by which this effect is
mediated is through the activation of the estrogen receptor by endosulfan. Endosulfan, in
addition to other organochlorine compounds, has routinely been shown to interact with the
estrogen receptor and elicit estrogenic effects. Given the importance of estrogen in
promoting various aspects of neuronal development, including neuronal survival (Garcia-
Segura et al., 2001; Micevych and Dominguez, 2009), exposure to low levels of endosulfan
could be inhibiting those general cell death processes through the estrogen receptor.

Interestingly, our sensitive in vitro exposure platform was able to detect alterations to
neurite outgrowth and the number of synapsin positive puncta that occurred prior to any
measurable loss of cortical neurons in culture. While we can not rule out pruning or
destabilization of newly formed synapses as a contributor to our reduction in synapsin
positive puncta, our results suggest that development and establishment of putative synapses
are uniquely vulnerable to the effects of endosulfan, relative to the neuronal cell body. These
alterations were not observed in cortical cultures that were treated with endosulfan at a
single time point of 10 DIV, further supporting the importance of exposure to endosulfan
during critical periods of neuronal growth (data not shown). Similar alterations in neurite
outgrowth have also been seen in the presence of other organochlorine insecticides and
compounds that antagonize the GABAA receptors, including dieldrin and bicuculline,
implicating the importance of proper GABAergic signaling in neuronal morphology and
growth (Liu et al., 1997). Furthermore, we have seen similar results in the frontal cortex
following exposure to the flame retardant compounds, DE-71 (Bradner et al., 2013a),
suggesting that neuronal outgrowth and number of synapsin positive puncta are susceptible
to different neurotoxic agents and should be considered as a sensitive marker of
neurotoxicity. These findings were instrumental in fine-tuning our in vivo assessment of
developmental exposure to endosulfan by directing our focus towards investigating
alterations in specific synaptic markers involved in mediating neuronal signaling in the
frontal cortex.

As the frontal cortex is densely innervated by various neuronal populations, we focused our
investigation on the GABAergic, glutamatergic, and dopaminergic circuits as these are
involved in various aspects of normal functioning in the frontal cortex (Floresco and
Magyar, 2006; Lewis and Moghaddam, 2006). The most striking finding from our
developmental study is the extensive alteration to specific synaptic proteins in each of these
neurotransmitter systems that are crucial for maintaining proper neuronal signaling in these
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circuits, suggesting that the synapse may be critically vulnerable to developmental exposure
to endosulfan.

Changes in GABAergic neurons showed significant reductions in the presynaptic proteins,
VGAT, which is involved in packing GABA into synaptic vesicles, and GAT1, which
resides on the plasma membrane and removes GABA from the synapse, terminating its
effects at the receptors. In contrast, assessment of the postsynaptic GABA 2a receptor
showed a significant elevation in expression. Although we did not evaluate levels of GABA
in the frontal cortex of offspring in our study, a previous study observed significant
alterations in GABA in the prefrontal cortex of male offspring whose mothers had been
exposed to .61 or 6.12 mg/kg/day of endosulfan during gestation and lactation (Cabaleiro et
al., 2008). These findings are interesting as the lowest concentration aligns well with our
exposure paradigm of 1 mg/kg/every other day, suggesting that disruption of vGAT and
GAT1 may be involved in alterations to GABA levels in the frontal cortex. This hypothesis
is further supported with studies that generated VGAT or GAT1 knockout mice and found an
elevation in GABA levels in the cortex of knockout animals and demonstrating an alteration
in the function of the GABA receptors (Bragina et al., 2008; Saito et al., 2010). Thus, a
potential loss of GABA in the synapse could explain the elevated expression of the GABAA
2a receptor subuit, indicating a compensatory increase to compensate for a reduction in
GABA signaling. Indeed, trafficking of GABA, receptors to and from the plasma
membrane is highly dependent upon their activation. For example, under circumstances of
increased activation, as in the case of a GABAA receptor agonist, like ethanol, GABAA
receptors will be internalized, reducing their availability on the membrane (Jacob et al.,
2008). In contrast, an alteration in GABAergic signaling that causes a reduction in
stimulation could result in trafficking of GABA receptors to the membrane. Similar
alterations in GABAergic proteins and signaling in the frontal cortex have routinely been
identified in neurological disorders, including schizophrenia and autism spectrum disorder
(Lewis and Sweet, 2009).

In addition to the GABAergic neurotransmitter circuit, alterations in the glutamatergic
pathway were also observed in the frontal cortex of mice exposed to endosulfan. In contrast
to the changes seen with GABA, we observed a substantial elevation in the expression of the
vGlut as well as a significant reduction in the expression of the GIuUN2B receptor subunit.
Although previous work has shown an increase in glutamate levels in the prefrontal cortex
of rats developmentally exposed to endosulfan, glutamatergic synaptic proteins that may
underlie this elevation were not investigated (Cabaleiro et al., 2008). Our findings align
closely with other studies showing a substantial elevation in glutamate release following
overexpression of vGlut in drosophila, as well as the ability of NMDA receptors to
internalize from the plasma membrane under conditions of activation (Daniels et al., 2011;
Lau and Zukin, 2007). Similar to the GABAergic circuit, alterations in glutamatergic
signaling have also been suggested to underlie the neurological dysfunction seen in
neurological disorders. Studies of patients with schizophrenia have found that they exhibit a
generalized hypofunctioning of the glutamatergic circuit that appears to be mediated by the
NMDA receptors (Gonzalez-Burgos and Lewis, 2012).
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Finally, the frontal cortex receives extensive dopaminergic projections that arise from the
mesocortical dopamine system and serve to modulate several aspects of behavior. In our
study, developmental exposure to endosulfan caused significant alterations to specific
dopaminergic proteins that are critically involved in mediating normal dopamine signaling
in the frontal cortex. Thus, reductions in DAT, VMAT2, and TH were seen while an
elevation in the D2 dopamine receptor was also observed. To our knowledge, our findings
represent the first evidence that developmental exposure can affect the expression of specific
proteins in the dopaminergic system. Although previous work has evaluated the effects of
developmental as well as adult exposure to endosulfan on the dopamine system, only one
study has focused on alterations to this circuit in the frontal cortex, finding a lack of effect
on levels of dopamine in this region (Cabaleiro et al., 2008). However, there were
significant alterations in ratios of the dopamine metabolites to levels of dopamine,
suggesting a disruption in dopamine handling, which could be mediated by changes in DAT
and VMAT2. As mentioned above, the dopaminergic projections to the frontal cortex play
an imperative role in various behavioral outputs and alterations to this circuit have been
implicated in neurological dysfunction including alterations in working memory, ADHD,
and schizophrenia (Akil et al., 1999; Chudasama and Robbins, 2006; Floresco and Magyar,
2006; Seamans and Yang, 2004).

While many of the alterations observed in the GABAergic, glutamatergic, and dopaminergic
neurotransmitter systems can be explained as compensatory responses, it cannot be ruled out
that these changes in expression are simply due to alterations incurred as a result of
disruption to normal development and signaling of the GABAergic neurotransmitter system
caused by endosulfan. Indeed, the importance of GABA as a trophic factor during early
stages of neurodevelopment has been well documented and alteration in GABAergic
signaling has been shown to have significant influence on numerous neurodevelopmental
processes, including neuronal proliferation, migration, and synapse formation (Akerman and
Cline, 2007; Ben-Ari, 2002; Represa and Ben-Ari, 2005). While the exact mechanisms
responsible for mediating these disruptions are still being investigated, several studies have
shown interruption of the GABAergic signal at various points, such as blockade of calcium
homeostasis or sodium influx with tetrodotoxin can facilitate decrements in neuronal
circuitry. Furthermore, previous work has shown developmental exposure to other
organochlorine compounds, including dieldrin and heptachlor, elicit changes to transcription
factors responsible for mediating expression of dopaminergic proteins. Investigation of these
changes as potential contributors to the changes we observed in our study should be further
evaluated. Thus, as endosulfan specifically antagonizes GABAergic signaling via blockade
of GABA receptors, our findings implicate endosulfan as a significant neurodevelopmental
disruptor, capable of impacting multiple aspects of the neuronal circuitry in the frontal
cortex.
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Figure 1.
Exposure of IMR-32 neuroblastoma cells to endosulfan results in a dose-dependent

reduction in cell viability. Cells were exposed to increasing concentrations of endosulfan for
24 hrs and then assessed with the WST-1 Cell Proliferation Assay. Columns represent the
percent change from DMSO control for each concentration of endosulfan. Data represent the
mean + SEM of 8-12 experimental replicates per treatment group performed across 3
separate experiments. ***Values significantly different from the DMSO control (p < 0.001).
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DMSO 5 yM Endosulfan

Figure 2.
Exposure of cortical primary cultures to endosulfan causes a loss of cortical neurons as well

as reductions in neurite outgrowth and synapse formation. (A) Treatment of cortical cultures
caused a significant reduction in the number of MAP2+ neurons, compared with DMSO
control. (B) Assessment of neurite length in these neurons demonstrated a greater loss of
neurite outgrowth compared with DMSO control. (C) Evaluation of synapse formation also
showed a substantial reduction, compared with DMSO control. Columns represent the
percent change from DMSO control for each concentration of endosulfan. (D)
Representative images of primary cultured cortical neurons treated with DMSO or 5 uM
endosulfan for 9 days and immunolabeled with MAP2 (green), synapsin (red), and Hoechst
nuclear counterstain (blue). Insets represent higher magnification images of cortical cultures
treated with DMSO or endosulfan. Images below are traces of the same images to highlight
our use of the automated quantification of neuron number, neurite length, and the number of
synapsin positve puncta in our DMSO and endosulfan treated cultures. Blue outline denotes
a cell body that was selected for analysis. In contrast, red outline denotes cell bodies that did
not meet our analysis parameters and were not selected or included for analysis. Green and
purple traces represent neurites assigned to different cell bodies. Cyan dots denote synapsin
positive puncta that were adherent to our parameters for analysis. Data represent the mean +
SEM of 17 experimental replicates per treatment group performed across 3 separate
experiments. *Values for treatments significantly different from DMSO control (p < 0.05).
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**Values for treatments significantly different from DMSO control (p < 0.01). ***Values
significantly different from DMSO control (p < 0.001).
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Developmental exposure of male offspring to endosulfan significantly reduces the
expression of VGAT in the frontal cortex. Female mice were administered either 0 (control)
or 1 mg/kg endosulfan throughout gestation and lactation. Expression of VGAT in the frontal

cortex was determined by immunoblot (A) in male offspring. Representative immunoblot
(B) and immunohistochemical (C) images for vVGAT are included. Data represent mean +

60 kDa

42 kDa

SEM (6-8 animals each from a different litter per treatment group). *Values for animals that
are significantly different from controls (p < 0.05). Scale Bars: 100 pm and 50 uM,

respectively.
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Figure4.
Developmental exposure of male offspring to endosulfan significantly reduces the

expression of GATL in the frontal cortex. Female mice were administered either 0 (control)
or 1 mg/kg endosulfan throughout gestation and lactation. Expression of GAT1 in the frontal
cortex was determined by immunoblot (A) in male offspring. Representative immunoblot
(B) and immunohistochemical (C) images for GAT1 are included. Data represent mean +
SEM (6-8 animals each from a different litter per treatment group). *Values for animals that
are significantly different from controls (p < 0.05). Scale Bars: 100 pm and 50 uM,
respectively.
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Figure5.
Developmental exposure of male offspring to endosulfan significantly increases the

expression of GABAx 2a receptor subunit in the frontal cortex. Female mice were
administered either O (control) or 1 mg/kg endosulfan throughout gestation and lactation.
Expression of GABA 2a receptor subunit in the frontal cortex was determined by
immunoblot (A) in male offspring. Representative immunoblot (B) and
immunohistochemical (C) images for GABAa 2a receptor subunit are included. Data
represent mean = SEM (6-8 animals each from a different litter per treatment group).
**Values for animals that are significantly different from controls (p < 0.01). Scale Bars:
100 pm and 50 pM, respectively.
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60 kDa
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Developmental exposure of male offspring to endosulfan significantly increases the
expression of vGlut and reduces expression of the GIUN2B receptor in the frontal cortex.
Female mice were administered either O (control) or 1 mg/kg endosulfan throughout
gestation and lactation. Expression of vGlut in the frontal cortex was determined by
immunoblot (A) in male offspring. Representative immunoblot (C) and
immunohistochemical (D) images for vGlut are included. Conversely, expression of the
GIuN2B receptor were reduced in the frontal cortex of male offspring (B). Data represent
mean + SEM (6-8 animals each from a different litter per treatment group). **Values for
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animals that are significantly different from controls (p < 0.01). ***Values for animals that
are significantly different from controls (p < 0.001). Scale Bars: 100 um and 50 uM,
respectively.
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Developmental exposure of male offspring to endosulfan significantly reduces the
expression of DAT, TH, VMATZ2, and D2 receptor in the frontal cortex. Female mice were
administered either O (control) or 1 mg/kg endosulfan throughout gestation and lactation.
Expression of DAT (A), TH (B), VMAT2 (C), D2 receptor (D) in the frontal cortex was
determined by immunoblot in male offspring. Representative immunoblot (E) images for
DAT, TH, VMATZ2, and D2 receptor are included. Data represent mean + SEM (6-8
animals each from a different litter per treatment group). *Values for animals that are
significantly different from controls (p < 0.05). **Values for animals that are significantly

different from controls (p < 0.01).
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