1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

NATIG,

o
HE

s sy,
Y

10

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Toxicology. 2013 October 4; 0: 48-55. doi:10.1016/j.tox.2013.07.015.

Alterations to the circuitry of the frontal cortex following
exposure to the polybrominated diphenyl ether mixture, DE-71

Joshua M. Bradner2b, Tiffany A. Suragh?, and W. Michael Caudle2P:.1

aDepartment of Environmental Health, Rollins School of Public Health, School of Medicine, Emory
University, Atlanta, Georgia, USA 30322-3090.

bCenter for Neurodegenerative Disease, School of Medicine, Emory University, Atlanta, Georgia,
USA 30322-3090.

Abstract

Recent studies have identified exposure to polybrominated diphenyl ethers (PBDES) as a risk
factor for deficits in cognitive functioning seen in children as well as adults. Additionally, similar
alterations in learning and memory have also been observed in animal models of PBDE exposure.
However, given these findings, the molecular alterations that may underlie these neurobehavioral
endpoints have not been identified. As the frontal cortex is involved in modulating several
cognitive functions, the purpose of our study was to investigate the possible changes to the
GABAergic and glutamatergic neurotransmitter systems located in the frontal cortex following
exposure to the PBDE mixture, DE-71. Primary cultured neurons isolated from the frontal cortex
showed a dose-dependent reduction in neurons as well as neurite outgrowth. Furthermore,
evaluation of DE-71 neurotoxicity in the frontal cortex using an /n vivo model showed alterations
to specific proteins involved in mediating GABA and glutamate neurotransmission, including
GADG67, VGAT, vGlut, and GABA(A) 2a receptor subunit. Interestingly, these alterations
appeared to be preferential for the GABA and glutamate systems located in the frontal cortex.
These findings identify specific targets of PBDE neurotoxicity and provide a possible molecular
mechanism for PBDE-mediated neurobehavioral deficits that arise from the frontal cortex.
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1.0 Introduction

Polybrominated diphenyl ethers (PBDES) are a class of brominated flame retardant
compounds commonly used in various consumer products including electronics, furniture,
and textiles to reduce each article's flammability (Darnerud et al. 2001; de Wit 2002). In
contrast to other flame-retardants, which are chemically bonded to these products, PBDEs
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are not chemically integrated, making them more likely to migrate out of the product and
into the surrounding environment. In the past, PBDEs have been found as one of three
chemical mixtures, known as pentabrominated BDE (DE-71), octabrominated BDE, and
decabrominated BDE. While the manufacture of penta and octa BDEs has been
discontinued, deca BDEs remain the most extensively used PBDE mixture in the United
States and around the world. Similar to other halogenated compounds, like polychlorinated
biphenyls (PCBs), PBDEs are highly lipophilic and resistant to degradation, allowing them
to accumulate and biomagnify, making them extremely persistent in the environment
(Norstrom et al. 2002). These properties could be significant contributing factors to the
reported increase in PBDE levels in both the environment as well as human tissue, raising
concern over the safety of PBDEs and their potential adverse health effects.

Recent epidemiological studies have identified significant associations between exposure to
PBDEs and deficits in multiple psychomotor and cognitive functions (Chao et al. 2011,
Eskenazi et al. 2013; Fitzgerald et al. 2012; Gascon et al. 2012; Herbstman et al. 2010; Roze
et al. 2009). Similar alterations in cognitive processes, including learning and memory, as
well as attention, have also been reported in animals exposed pre- or postnatally to PBDEs.
Indeed, exposure to the PBDE mixture, DE-71, caused impairments in learning and attention
processes (Driscoll et al. 2009; Dufault et al. 2005; Koenig et al. 2012; Yan et al. 2012).
Furthermore, exposure to single PBDE congeners has also been shown to cause deficits in
cognitive measures. Using a single-exposure dosing paradigm, Viberg et al., (2003; 2006)
demonstrated alterations in learning and memory in mice exposed to BDE congeners 153 or
203. The molecular deficits that underlie these cognitive impairments have not been fully
elucidated, with some evidence suggesting a role of the hippocampal cholinergic system
(Dufault et al. 2005; Viberg et al. 2003). However, other neurotransmitter systems as well as
other brain regions known to be involved in cognition have not been evaluated for PBDE-
mediated deficits.

The frontal cortex has been implicated in mediating many cognitive functions often found to
be altered in multiple neurobehavioral disorders, including cognitive deficits, autism
spectrum disorder (ASD), which affects an individuals social cognition, communication, and
behavior, and schizophrenia (DeLorey et al. 2008; Fatemi et al. 2010; Gaspar et al. 2009;
Lewis and Sweet 2009; Mohler 2007; Zahr et al. 2008). The frontal cortex is extensively
innervated by the GABAergic, glutamatergic and dopaminergic neurotransmitter systems
(Monaghan et al. 1989; Rushworth et al. 2007; Schoch et al. 1985). While the precise
molecular targets in the frontal cortex have not been identified, it appears that deficits in
cognitive processes arise from disruptions in proteins critical for normal functioning of these
neurotransmitter systems. Thus, our current study sought to investigate the potential
neuronal targets in the frontal cortex of animals exposed to the PBDE mixture, DE-71.
Using /n vitroand in vivo models we initially evaluated the neurotoxic potential of DE-71
on primary cultured neurons isolated from the frontal cortex of postnatal mice followed by
assessment of alterations to specific markers of the GABA, glutamate, and dopamine
circuits in the frontal cortex in mice exposed to 30 mg/kg of DE-71 every day for 30 days.
This information will elaborate our understanding of the neurological targets and alterations
following PBDE exposure and will provide insight into the potential neuropathological
endpoints responsible for subsequent neurobehavioral indices.

2.0 Methods

2.1 Chemicals and Reagents

The commercial PBDE mixture DE-71 was purchased from Wellington Labs (Guelph,
Ontario, Canada). Hibernate A and Hibernate A- Calcium were purchased from BrainBits
(Springfield, IL). B27, DNasel, and Neurobasal A were purchased from Life Technologies

Toxicology. Author manuscript; available in PMC 2014 October 04.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bradner et al.

Page 3

(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 and polyclonal anti-rabbit tyrosine hydroxylase and norepinephrine
transporter antibodies were purchased from EMD Millipore (Billerica, MA). Monoclonal
anti-mouse a-tubulin antibodies were purchased from Sigma (St. Louis, MO). Rabbit anti-
GATL, rabbit anti-vGAT, mouse anti-GABA(A) 2a receptor subunit, rabbit anti-vGlut were
purchased from Synaptic Systems (Germany), mouse anti-GAD67, mouse anti-NMDAR 2B
receptor subunit were purchased from BD Transduction (San Jose, CA), mouse anti-MAP2
antibodies were purchased from Abcam (San Francisco, CA). Polyclonal anti-rabbit
VMAT? antibodies were generated by Covance to the C-terminal sequence in mouse
(CTONNVQPYPVGDDEESESD). 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.
SuperSignal West Dura Extended duration substrate and stripping buffer were obtained from
Pierce. 3,3’ Diaminobenzidine (DAB) was purchased from Sigma.

2.2 Primary culture of cortical neurons

Primary cortical cultures were generated as previous described (Bradner et al. 2012), with
modifications. Briefly, neuron cultures from postnatal mice (postnatal day 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 11 (1.2U/ml), and DNase 1 (1ul/ml) dissolved in
Hibernate A- Calcium for 20 min at 37°C and gently agitated every 5 min. 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 pg/ml) after 2 hrs, in vitro.
Primary cultures were treated 2 hrs after plating with four concentrations of DE-71 dissolved
in DMSO and further diluted in cell culture media. For all control and DE-71 treatment
experiments the final concentration of DMSO was <0.05% and no toxicity was observed at
this percentage. After 24 hrs, cells were fixed in 4% PFA for 20 mins and incubated
overnight in mouse anti-MAP2 at 4°C. The following day, cultures were incubated with
fluorescent secondary antibodies, goat anti-mouse 572 for 1hr 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 was recorded for all fields containing at least
one MAP2+ cell body. Objects were identified and measured using the neuronal profiling
bioapplication from Thermo Scientific. Statistical significance between the control and
treatment groups for neuron count and neurite length was determined using GraphPad
analysis software.

2.3 Animals and Treatment

Four month old male mice C57BI/6J were orally gavaged with 30 mg/kg of DE-71 dissolved
in corn oil vehicle daily for 30 days, as previously described (Bradner et al. 2012). This
dosing paradigm was intended to represent the primary route of human exposure to DE-71
and is based upon previously published no observable adverse effect levels (NOAEL) and
lowest observable adverse effect levels (LOAEL) for tetra-BDEs (Darnerud et al. 2001;
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Hallgren and Darnerud 2002; Hallgren et al. 2001). Furthermore, DE-71 was chosen based
upon its composition of tetra- and penta PBDE congeners, which represents a mixture of the
most prevalent congeners found in the environment, as well as in human tissue (Darnerud
2003; de Wit 2002). One day following the last dose, mice were sacrificed with frontal
cortex (without inclusion of striatal or limbic tissue), collected for subsequent experimental
assays. Standard rodent chow and tap water were available ad /ibitum. All procedures were
conducted in accordance with the Guide for Care and Use of Laboratory Animals (National
Institutes of Health) and have been approved by the Institutional Animal Care and Use
Committee at Emory University.

2.4 Western Blot Analysis

Western blots were used to quantify the amount of several targets, including GABAergic
GADG67, GABA transporter 1 (GAT1), vesicular GABA transporter (vVGAT), GABA(A) 2a
receptor subunit, vesicular glutamate transporter (vGlut), NMDA 2B receptor subunit,
dopamine transporter (DAT), tyrosine hydroxylase (TH), vesicular monoamine transporter 2
(VMAT?2), and norepinephrine transporter (NET), in samples of frontal cortex, striatum,
hippocampus, and cerebellum from treated and control mice. Analysis was performed as
previously described (Bradner et al. 2012). 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 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
min at room temperature with Pierce Stripping Buffer and sequentially reprobed with
additional antibodies. a-Tubulin blots were used to ensure equal protein loading across
samples.

2.5 Immunohistochemistry

Tissue staining was performed as described previously (Caudle et al. 2006). Briefly, whole
brains were immersion fixed in 4% paraformaldehyde and serially sectioned at 40 um.
Sections were incubated with a polyclonal anti-GABA(A) 2a receptor subunit antibody
overnight and then incubated in a biotinylated goat anti-rabbit 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.

2.6 Statistical Analysis

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.

3.0 Results

In order to get a general indication of the neurotoxic effects of DE-71 we generated primary
cultures isolated from the frontal cortex of newborn mice, verified the presence of
GABAergic and glutamatergic neuronal populations (Figure 1), and then exposed these
cultures to increasing concentrations of DE-71 (0, 5 uM, 7.5 uM, 10 pM, 12.5 yM) for 24
hrs. Following treatment the number of neurons was analyzed as well as the total length of
the neuronal processes (neurites) per neuron. As seen in Figure 2A, a dose dependent
reduction in neuron density is observed in these cultures, with a significant reduction
occurring with 7.5 uM DE-71. These findings demonstrate the neurotoxicity of DE-71 to
frontal cortical neurons. Evaluation of damage to neurite length demonstrated a similar dose-
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dependent response. However, the response to DE-71 was much more sensitive for this
measure (Figure 2B and C), suggesting that DE-71 may cause alterations to specific cellular
functions and morphology in the cortical neuronal processes prior to impacting the neuronal
cell body. Previous work from our lab has demonstrated similar neurotoxic effects of DE-71
on dopaminergic neurons, in culture (Bradner et al. 2012).

In order to further investigate these findings we exposed mice to DE-71 for 30 days and
assessed the expression of multiple cortical proteins associated with the GABA, glutamate,
and dopamine neurotransmitter systems in the frontal cortex. Although this concentration of
DE-71 was approximately 4-fold higher than that used to treat our cortical cultures
administration of this dosing paradigm did not result in overt signs of toxicity, indicated by
no significant change in body weight, appearance, or gross behavior (data not shown).
However, mice exposed to DE-71 showed a significant reduction in expression of the
postsynaptic GABA(A) 2a receptor subunit as well as the GABA synthesizing enzyme,
GADG7 (Figure 3A, B, and E; Figure 5 for GABA(A) 2a receptor subunit). In contrast, a
significant increase in the expression of the vesicular GABA transporter, VGAT was
observed (Figure 3C and E). No change was seen in GAT1, the plasmalemmal GABA
transporter (Figure 3D and E). Evaluation of specific markers of the glutamate system in the
frontal cortex showed a significant increase in the expression of the vesicular glutamate
transporter, vGlut (Figure 4A and C). However, the postsynaptic NMDA 2B receptor
subunit was not altered by DE-71 (Figure 4B and C). These data suggest that exposure to
DE-71 causes significant alterations to specific proteins involved in GABAergic and
glutamatergic neurotransmission that could affect the normal functioning of these
neurotransmitter systems and their neural connections in the frontal cortex.

Given these changes we next asked whether the alterations observed in the GABA and
glutamate systems were specific to the frontal cortex. To address these concerns we
evaluated expression of the GABA(A) 2a receptor subunit and vGlut in the striatum,
hippocampus, and cerebellum. Interestingly, there was no difference in expression in either
of these above markers in these brain regions, suggesting that the DE-71-mediated
alterations to the GABA and glutamate systems are preferential for the frontal cortex (Table
1; Figure 5 for the GABA(A) 2a receptor subunit). Additionally, we were interested in
examining the specificity of the changes demonstrated in the frontal cortex for the GABA
and glutamate systems. As our previous work revealed a significant reduction in
dopaminergic proteins, such as the dopamine transporter (DAT) and vesicular monoamine
transporter 2 (VMAT2), in the striatum of mice exposed to DE-71, we first evaluated
potential alterations in key proteins that mediate dopamine neurotransmission in the frontal
cortex (Bradner et al. 2012). In contrast to our findings in the striatum we did not detect
alterations in expression of DAT, VMAT?2, or tyrosine hydroxylase (TH) in the frontal
cortex (Table 1). Similar results were seen when the expression of the norepinephrine
transporter was examined in the frontal cortex (Table 1). These data suggest that the
alterations observed in the frontal cortex are specific to the GABA and glutamate
neurotransmitter systems.

4.0 Discussion

PBDEs are highly persistent in our environment and exposure to these compounds has been
associated with significant deficits in psychomotor and cognitive development in children
(Chao et al. 2011; Eskenazi et al. 2013; Fitzgerald et al. 2012; Gascon et al. 2012;
Herbstman et al. 2010; Roze et al. 2009). Although the precise mechanisms that may
underlie these deficits have not been identified, alterations to the GABA, glutamatergic and
dopaminergic neurotransmitter systems, which are highly expressed in the frontal cortex and
have been implicated in many neurobehavioral processes, including cognition, ASD, and
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schizophrenia, may be involved (DeLorey et al. 2008; Fatemi et al. 2010; Gaspar et al. 2009;
Lewis and Sweet 2009; Mohler 2007; Zahr et al. 2008). Therefore, this study utilized in
vitroand in vivo models to investigate alterations to the GABAergic, glutamatergic and
dopaminergic neurotransmitter systems located in the frontal cortex following exposure to
the PBDE mixture, DE-71.

As the frontal cortex is highly enriched with GABAergic, glutamatergic, and dopaminergic
neuronal cell bodies and fibers (Monaghan et al. 1989; Rushworth et al. 2007; Schoch et al.
1985) we first sought to confirm that our primary culture model would appropriately
represent the robust expression of the GABA and glutamate neuronal populations in this
region. Our findings suggest that the frontal cortex is highly enriched with GABAergic and
glutamatergic neurons and these populations are sensitive to exposure to low micromolar
concentrations of DE-71, with neurite outgrowth appearing to be more vulnerable to these
effects than the neuronal cell bodies. These findings are important as neurite extensions are
involved in forming neuron-neuron synaptic connections, which is imperative for the proper
formation of neural circuitry and neuronal communication and function. Indeed, deficits in
neuronal connectivity, particularly in the frontal cortex, have been implicated in several
neurological disorders, including ASD (Courchesne and Pierce 2005). Other groups have
also evaluated the neurotoxic effects of DE-71 and specific PBDE congeners in primary
cultured cortical neurons. Similar to our results, Giordano et al., (2008) demonstrated
neuronal loss in the same range of DE-71 concentrations as we used in our study. While our
study appears to be the first to utilize this model system to evaluate alterations to neurite
outgrowth, other investigators have provided valuable support to our findings. Indeed,
proteomic assessments of the effects of the PBDE congener, BDE-99 found significant
alterations to a suite of proteins involved in cytoskeletal function, which would be involved
in neurite outgrowth (Alm et al. 2008; Alm et al. 2006).

We next sought to elaborate our /n vitrofindings in an /n vivo model system and investigate
whether exposure to DE-71 would elicit alterations to proteins in the frontal cortex that are
responsible for mediating GABAergic, glutamatergic, and dopaminergic neurotransmission.
Based on previously published work, exposure to DE-71 resulted in a significant deposition
of PBDE congeners in the brain, with PBDE-28, -47, -66, -85, -99, -100, -153, and -154
being present in the highest concentrations (Bradner et al. 2012). In addition, exposure to
DE-71 caused significant alterations to several GABAergic and glutamatergic proteins in the
frontal cortex. We found that exposure to DE-71 resulted in a significant reduction in the
expression of the GABA(A) 2a receptor subunit as well as GAD67. In contrast, expression
of VGAT was increased while GAT1 was unchanged. Although changes in expression of
GABAergic proteins has not been previously identified following exposure to PBDEs,
Hendriks et al., (2010) found that the hydroxylated metabolite of BDE-47 (6-OH-BDE-47)
was a partial agonist for the GABA(A) receptor in Xenopous oocytes. This finding is
interesting as other GABA(A) receptor agonists, such as ethanol have also been shown to
reduce the expression of the receptor in the cerebral cortex (Davies 2003). Thus, it can be
speculated that the reductions that we observed in the GABA(A) 2a receptor subunit may be
due to its interaction with specific PBDE metabolites. To our knowledge, our study is the
first to identify significant alterations to other GABAergic proteins, such as GAD67 and
VGAT. While the implications of changes to these proteins is not known, a reduction in
GADG7, which is the major enzyme involved in synthesizing GABA from glutamate in the
nerve terminal would suggest a potential for loss of GABAergic neurons or less severe, a
decrease in GABA being produced in these neurons. Related to this, an increase in VGAT, as
seen in our study suggests further deficits in GABAergic neurotransmission by acting as a
compensatory mechanism by the GABA neurons to attempt to sequester and package any
available GABA into synaptic vesicles in order to maintain neuronal homeostasis. Taken in
concert, prolonged exposure to PBDE congeners or their metabolites could affect
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GABAergic signaling in the frontal cortex. As GABA is the major inhibitory
neurotransmitter in the brain, a reduction in its signaling, both from the presynaptic and
postsynaptic neuronal aspects could have deleterious results in maintaining a normal balance
between excitation-inhibition neuronal activity, which could result in over excitation, similar
to that seen in epilepsy as well as ASD (Rubenstein and Merzenich 2003). Interestingly,
alterations in GABA signaling have been observed in the frontal cortex of patients with
ASD, as well as schizophrenia (Fatemi et al. 2010; Lewis et al. 2005).

In addition to changes in the GABAergic system we also identified an increase in vGlut
expression while the expression of the postsynaptic NMDA 2B receptor subunit was not
changed following exposure to DE-71. As with several of the GABAergic markers, our
study appears to be the first to identify alterations in the glutamate vesicular transporter
following exposure to PBDEs. Similar to the elevations in vGAT expression, an increase in
vGlut in the frontal cortex could signify an effort by the glutamatergic neurons to
compensate for a disruption in an unidentified mechanism involved in glutamate
neurotransmission. Although we did not observe a change in the expression of the NMDA
2B receptor subunit in or study, other /n vivo studies have examined alterations to
glutamatergic receptors and routinely found reductions in expression of specific NMDA
receptor subunits, including NR1, NR2A and NR2B in the hippocampus and cortex
following exposure to BDE-47 (Dingemans et al. 2007; Suvorov and Takser 2011; Yan et al.
2012). Additionally, studies by Llansola et al., (2007; 2009) found prenatal exposure to
BDE-99 altered the glutamate-nitric oxide-cGMP cascade via NMDA receptor activation,
resulting in enhanced learning and memory capabilities of exposed offspring. Although the
reasons for these differences can not be clearly defined, it can be speculated that exposure to
BDE-47 or BDE-99 during critical periods of neurodevelopment, as seen in the Dingemans
et al., (2007), Llansola (2007; 2009), and Suvorov and Takser (2011) studies, as well as the
explicit use of BDE-47 and BDE-99 in each study rather than a mixture of BDE congeners
could be contributing factors.

Previous work from our lab identified significant reductions in expression of DAT and
VMAT?2 in the striatum following exposure to DE-71 (Bradner et al. 2012). However, in
contrast, we did not observe alterations in expression of these proteins, or TH in the frontal
cortex. Additionally, we did not observe a change in expression of the norepinephrine
transporter in this region. Although other studies have not evaluated these proteins in the
brain and specifically the frontal cortex, a study by Gee and Moser, (2011) observed an
increase in dopamine in the cortex of mice exposed to a single dose of 1, 10, or 30 mg/kg of
BDE-47 on postnatal day 10. Finally, to assess the specificity of our changes in the
GABAergic and glutamatergic neurotransmitter systems observed in the frontal cortex we
also evaluated the expression of the GABA(A) 2a receptor subunit and vGlut in the
striatum, hippocampus, and cerebellum. Again, the changes observed in the GABA and
glutamate systems appear to be specific for the frontal cortex as no change was seen in
either of these protein markers in any of the other regions tested. The reason for the
specificity related to the GABAergic and glutamatergic neurotransmitter systems in the
frontal cortex is unclear. However, we have observed a similar regional and neurotransmitter
system specificity following exposure of mice to the polychlorinated biphenyl mixtures,
Aroclor 1254 and 1260 (Caudle et al. 2006). These mice exhibited a significant reduction of
the DAT and VMAT?2 in the striatum, which were specific for the striatum, as these proteins
did not change in other dopaminergic regions, including the frontal cortex, hypothalamus,
and midbrain. Additionally, these changes were selective for the dopamine system as no
effect was seen in GABAergic, glutamatergic, noradrenergic, and serotonergic
neurotransmitter systems in the striatum.
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In conclusion, using /in vitroand in vivo models systems we have demonstrated significant
alterations to the GABAergic and glutamatergic neurotransmitter systems located in the
frontal cortex. These alterations appear to be preferential, not only for these
neurotransmitters, but also for the frontal cortex. These findings are of interest as numerous
studies have identified exposure to PBDEs as a risk factor for deficits in various cognitive
and psychomotor endpoints in children and adults. Moreover, as changes in the GABA and
glutamate systems has been identified in other neurobehavioral disorders, such as ASD and
schizophrenia, these data could be a first step in elucidating possible environmental risk
factors for these deficits.
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Figure 1.

GABAergic and glutamatergic neuronal populations are highly enriched in primary cultured
neurons isolated from the frontal cortex of postnatal day 1 (PND1) mice. Neurons were
grown in culture for 7 days and then incubated with MAP2 to visualize all neurons and
vGlut or vGAT to localize all glutamatergic or GABAergic neurons, respectively in culture.
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Figure 2.

Exposure of cortical primary cultures to DE-71 causes a loss of cortical neurons as well as
reductions in neurite outgrowth. (A) Treatment of cortical cultures caused a significant
reduction in the number of MAP2+ neurons, compared with DMSO control (52.3 + 11.7) at
7.5 (40.5 £ 4.6), 10 (20.6 + 6.0), and 12.5 uM (9.9 + 2.8) DE-71. (B) Assessment of neurite
length in these neurons demonstrated a greater loss of neurite outgrowth with a substantial
reduction, compared with DMSO control (45.3 ym = 1.8) at 5 uM (16.3 ym £ 2.0), 7.5 yM

(8.5 um £1.0), 10 uM

(5.1 ym £ 1.4), and 12.5 yM (3.2 ym £ 0.4) DE-71. Columns

represent the percent change from DMSO control for each genotype. Data represent the
mean + SEM of 4 experimental replicates per treatment group performed across 3 separate
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experiments. *Values for treatments significantly different from their respective genotype
DMSO control (p < 0.05). ***Values significantly different from their respective genotype
DMSO control (p < 0.001). (C) Representative cortical cultures stained for MAP2 and
treated with DMSO or 5 yM DE-71.
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Exposure of mice to 30 mg/kg DE-71 for 30 days show an alteration in the expression of
pre- and postsynaptic GABAergic proteins in the frontal cortex. (A) Treatment with DE-71
significantly reduced cortical GABA(A) 2a receptor subunit expression compared with
untreated mice. (B) Similarly, DE-71 treatment resulted in a significant reduction in cortical
GADG67 expression compared with untreated animals. (C) In contrast, DE-71 caused an
increase in cortical VGAT expression, relative to untreated mice. (D) Expression of GATL in
the cortex was unchanged following DE-71 treatments. (E) Representative immunoblots for
each protein examined. Data represent mean £ SEM (4-6 animals per treatment group).
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**Values for animals that are significantly different from controls (p < 0.01). ***Values for
animals significantly different from controls (p < 0.001).
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Figure4.
Exposure of mice to 30 mg/kg DE-71 for 30 days shows an alteration in the expression of a

presynaptic glutamatergic protein in the frontal cortex. (A) Exposure to DE-71 caused a
significant increase in expression of the cortical vGlut compared with untreated animals. (B)
In contrast, DE-71 treatment did not have an effect on the expression of the NMDA 2B
receptor in the frontal cortex. (C) Representative immunoblots for each protein examined.
Data represent mean £ SEM (4-6 animals per treatment group). **Values for animals that
are significantly different from controls (p < 0.01).
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Immunohistochemical assessment of GABA(A) 2a receptor subunit expression in mice
exposed to 30 mg/kg DE-71 for 30 days. Exposure to DE-71 caused a reduction in the
expression of GABA(A) 2a receptor subunit in the frontal cortex, compared with untreated
controls. In contrast, no change in GABA(A) 2a receptor subunit expression was observed
in the Purkinje cells of the cerebellum of DE-71 exposed mice. Scale Bar: 100 pym.
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Table 1

Effects of DE-71 on relevant neurotransmitter proteins in specific brain regions.

Frontal Cortex Striatum Hippocampus Cerebellum
GABA(A) 2a Receptor Subunit Decreased No Change No Change No Change
vGlut Increased No Change No Change No Change
DAT No Change Decreased? Not Determined | Not Determined
TH No Change a Not Determined | Not Determined

No Change

VMAT2 No Change Decreased? Not Determined | Not Determined
NET No Change Not Determined | Not Determined | Not Determined

Page 18

Abbreviations: Vesicular Glutamate Transporter (vGlut), Dopamine Transporter (DAT), Tyrosine Hydroxylase (TH), Vesicular Monoamine
Transporter 2 (VMAT2), Norepinephrine Transporter (NET).

aResuIts previously published (Bradner et al., 2012).
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