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Abstract

Polybrominated diphenyl ether (PBDE) flame retardants have become widespread environmental
contaminants. Body burden in the U.S. population has been shown to be higher than in other countries,
and infants and toddlers have highest exposure through maternal breast milk and household dust.
The primary concern for adverse health effects of PBDEs relates to their potential developmental
neurotoxicity, which has been found in a number of animal studies. Information on the possible
mechanisms of PBDE neurotoxicity is limited, though some studies have suggested that PBDEs may
elicit oxidative stress. The present study examined the in vitro neurotoxicity of DE-71, a penta-BDE
mixture, in primary neurons and astrocytes obtained from wild-type and Gclm knockout mice, which
lack the modifier subunit of glutamate-cysteine ligase and, as a consequence, have very low levels
of glutathione (GSH). These experiments show that neurotoxicity of DE-71 in these cells is
modulated by cellular GSH levels. Cerebellar granule neurons (CGNs) from Gclm (—/-) mice
displayed a higher sensitivity to DE-71 toxicity compared to CGNs from wild-type animals. DE-71
neurotoxicity in CGNs from Gelm (+/+) mice was exacerbated by GSH depletion, and in CGNs from
both genotypes it was antagonized by increasing GSH levels and by anti-oxidants. DE-71 caused an
increase in reactive oxygen species and in lipid peroxidation in CGNs, that was more pronounced in
Gclm (=/-) mice. Toxicity of DE-71 was mostly due to the induction of apoptotic cell death. An
analysis of DE-71-induced cytotoxicity and apoptosis in neurons and astrocytes from different brain
areas (cerebellum, hippocampus, cerebral cortex) in both mouse genotypes showed a significant
correlation with intracellular GSH levels. As an example, DE-71 caused cytotoxicity in hippocampal
neurons with 1C50s of 2.2 and 0.3 uM, depending on genotype, and apoptosis with IC50s of 2.3 and
0.4 UM, respectively. These findings suggest that the developmental neurotoxicity of PBDE may
involve oxidative stress, and that individual with genetic polymorphisms leading to lower GSH levels
may be more susceptible to their adverse effects.

Introduction

The use of flame retardants has contributed to a drastic drop in the incidence of fires in the past
thirty years. Among chemicals used as fire retardants, several are brominated compounds, such
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as tetrabisphenol A, hexabromocyclododecane, and polybrominated diphenyl ethers (PBDES).
The latter are extensively used in a variety of consumer products such as textile, carpets,
polyurethane foams, television sets, small appliances and computers. There are 209 possible
PBDE congeners; commercially used PBDEs are penta-, octa-, and deca-brominated mixtures.
The first two were banned in the EU in 2004, and in several states in the U.S. in from 2006,
while decaBDE continues to be widely used. PBDEs are not fixed to the polymer product
through chemical binding, and can thus leak into the environment (Hale et al. 2003; Law et al.
2006; Wang et al. 2007). PBDEs are chemically and toxicologically similar to non-coplanar
polychlorinated biphenyls (PCBs) (Kodavanti et al. 2005; Sanders et al. 2005; Coburn et al.
2007). Although PCBs were banned decades ago, they are still widespread environmental
contaminants. Similarly, PBDEs have become persistent environmental pollutants, and like
PCBs, they bioaccumulate in the environment, and biomagnify in the food chain (Darnerud et
al. 2001; de Wit 2002; Birbaum and Staskal, 2004).

PBDEs have been detected in outdoor and indoor air, in sediments, soil, house dust, foods,
birds, fish, and marine and terrestrial animals (Darnerud et al. 2001; Law et al. 2006), as well
as in human tissues, including adipose tissue, blood and breast milk (Sjodin et al. 2004; Furst,
2006). Exposure of humans to PBDESs can occur in the occupational setting (Sjodin et al.
1999), through the diet (Schecter et al. 2006; 2008), and in the indoor environment, particularly
through house dust (Jones-Otazo et al. 2005; Wilford et al. 2005). High concentrations of
PBDEs are present in human breast milk, with levels usually one to two orders of magnitude
higher in North America than in Europe (Schecter et al. 2005; Lind et al. 2003; Furst, 2006).
In contrast to PCBs, dioxins and furans, whose concentrations in human tissues and breast milk
have been declining in the past 20 years (Schecter et al. 2005), levels of PBDES have been
drastically increasing worldwide (Thompsen et al. 2002; Schecter et al. 2005). The highest
body burden is found in infants and toddlers, because of exposure through maternal milk and
house dust (Schecter et al. 2006; Fischer et al. 2006; Zuurbier et al. 2006). In addition, PBDES
can easily cross the placenta, thus exposing the fetus (Antignac et al. 2006). The PBDE
congeners found at highest levels in human tissues are BDE-47 (a tetra BDE), BDE-99 (a
pentaBDE) and BDE-153 (an hexaBDE).

The high exposure to PBDEs during development has raised concerns for their potential
developmental toxicity. Emerging evidence indicates that a major aspect of toxicity relates to
their effects on the developing nervous system (Branchi et al. 2003; Birnbaum and Staskal,
2004; McDonald, 2005; Costa and Giordano, 2007). A number of studies in rodents have shown
that pre-and post-natal exposures to PBDES cause significant behavioral alterations,
particularly in the domains of locomotor activity and cognition (e.g. Eriksson et al. 2001;
Branchi et al. 2002; 2003; Viberg et al. 2003; 2006; Dufault et al. 2005; Rice et al. 2007; Gee
and Moser, 2008; additional references in Costa and Giordano, 2007). These effects are seen
at levels of PBDE exposure that are in the range of exposure of infants and toddlers in North
America, and only slightly higher than exposure levels in Europe or Japan ( McDonald,
2005; Costa and Giordano, 2007).

The mechanism(s) underlying such developmental neurotoxic effects of PBDES are not known.
PBDEs have been shown to decrease serum levels of thyroid hormones (T4) (Zhou et al.
2002; Skarman et al. 2005; Rice et al. 2007), and, given the relevance of thyroid hormones for
brain development (Haddow et al. 1999), such effect may contribute to their developmental
neurotoxicity. Direct effects of PBDEs on the developing nervous system have also been
reported. Some studies have shown that PBDEs can affect signal transduction pathways,
particularly the homeostasis of calcium and protein kinase C (e.g. Madia et al. 2004; Kodavanti
and Ward, 2005; Dingemans et al. 2007). Aditionally, a few in vitro studies in neuronal and
astroglial cells have shown that PBDESs may cause apoptotic cell death of neurons by a
mechanism that involves oxidative stress (Reistad et al. 2006; He et al. 2008a; 2008b).
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Oxidative stress refers to the cytotoxic consequences of reactive oxygen species (ROS), which
are generated as by-products of normal and aberrant metabolic processes that use molecular
oxygen. The tripeptide glutathione (GSH; y-glutamyl-cysteinylglycine) is one of the most
abundant cellular thiols. GSH is a major player in cellular defense against ROS, because it
nonenzymatically scavenges both singlet oxygen and hydroxyl radicals, and is used by
glutathione peroxidases and glutathione transferases to limit the levels of certain reactive
aldehydes and peroxides within the cell. When ROS production exceeds the antioxidant
defense capacity of the cell, oxidative stress ensues, leading to damage to DNA, proteins and
membrane lipids. The first and rate-limiting step in the synthesis of GSH is carried out by
glutamate-cysteine ligase (GCL; Griffin and Mulcahy, 1999; Dringen, 2000). The enzyme
consists of two subunit, a larger (73 kD) catalytic subunit (GCLC), and a smaller (31 kD)
modifier subunit (GCLM), which are encoded by separate genes (Tu and Anders, 1998). GCLC
alone provides catalytic activity, and is the site of GSH feedback inhibition. By lowering the
Km of GCL for glutamate and raising the Ki for GSH, GCLM, although enzymatically inactive,
plays an important regulatory function. Indeed, the holoenzyme (GCLholo) has been shown
to have much higher catalytic efficiency than GCLC (Chen et al. 2005). Disruption of the
Gclm gene in mice does not produce any overt phenotype (Chen et al. 2005); however, in the
absence of GCLM, the ability of GCLC to synthesize GSH is drastically reduced, resulting in
GSH levels that are only 9-20% of those found in Gelm (+/+) animals (Yang et al. 2002;
Giordano et al. 2006; McConnachie et al. 2007). Cerebellar granule neurons derived from
Gclm knockout mice have been shown to be particularly sensitive to the toxicity of agents that
elicit oxidative stress (Giordano et al. 2006; 2007a).

In the present study, we utilized neurons and astrocytes from different brain areas obtained
from Gclm (+/+) and Gelm (=/-) mice to investigate whether intracellular GSH levels may
modulate the in vitro neurotoxicity of a PBDE. The penta-BDE mixture DE-71, which contains
all major PBDEs most commonly found in human tissues, was used in these experiments.

Materials and Methods

Materials

DE-71 (Lot # 05500F16P) was purchased from Wellington Laboratories (Guelph, ON,
Canada). The composition of DE-71 is reported as follows: BDE-99, 44%; BDE-47, 32%;
BDE-100, 9%; BDE-153, 4%; other PBDES, 11%. Other DE-71 mixtures have been reported
to contain detectable amounts of polybrominated dibenzofurans and polybrominated
dibenzodioxins (Hanari et al. 2006; Sanders et al. 2005). None were reported by the vendor,
and no chemical analysis of the DE-71 used in this study was carried out. Glutathione ethyl
ester (GSHEE), dimethylsulfoxide (DMSO), 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), N-t-butyl-a-phenylnitrone (PBN), N-acetylcysteine and
buthionine sulfoximine (BSO) were purchased from Sigma Chemical Co. (St. Louis, MO,
USA). The apoptotic DNA ladder kit and DNase | were from Roche Diagnostics (Indianapolis,
IN, USA). Neurobasal-A medium, fetal bovine serum (FBS), gentamycin, naphthalene
dicarboxaldehyde, and 2,7’-dichlorofluorescin diacetate were from Invitrogen (Carlshad, CA,
USA). Hoechst DNA binding dye was from Molecular Probes (Eugene, OR, USA). Tris (2-
carboxyethyl)-phosphine hydrochloride (TCEP) and the protein bicinchoninic acid assay were
from Pierce Chemical (Rockford, IL). Melatonin was from Tocris Cookson Inc. (Ellisville,
MO).

Generation of Gelm-null mice and genotyping

All procedures for animal use were in accordance with the National Institute of Health Guide
for the Use and Care of Laboratory Animals, and were approved by the University of
Washington Animal Care and Use Committee. Gelm-null [Gelm (—/-)] mice were derived by
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homologous recombination techniques in mouse embryonic stem cells, as previously described
in detail (Giordano et al. 2006; McConnachie et al. 2007). Pups were genotyped as described
by Giordano et al. (2006).

Cultures of cerebellar granule neurons, hippocampal neurons and cortical neurons

Cultures of cerebellar granule neurons (CGN) were prepared from 7 day-old mice, as described
by Giordano etal. (2006). Neurons were grown for 10-12 days before treatments. Hippocampal
and cerebral cortical neurons were prepared from PND 0.5 mice, as described by Ahlemeyer
and Baumgart-Vogt (2005). Briefly, hippocampi and cerebral cortices were collected in HBSS
medium containing 0.02% BSA and 10 mM HEPES. Tissues were digested for 25 min in HBSS
containing papain (1 mg/ml) and DNAse 40 ug/ml) and centrifuged at 300 x g for 5 min at
room temperature. The supernatant (containing papain) was removed and the pellet was gently
triturated in Neurobasal A Medium supplemented with B27 with a Pasteur pipette to dissociate
larger aggregates. Cells were centrifuged at 200 x g for 10 min and the cell pellet was gently
resuspended. Neurons were then counted, seeded on poly-D-lysine-coated 48-well plates at
the density of 5 x 10%/cm?, and cultured in neurobasal medium supplemented with B27 (minus
AO). Neurons were cultured 8 days before experiments.

Primary cultures of cerebellar, hippocampal and cerebral cortex astrocytes

Primary mouse astrocytes were obtained from PND 0.5 hippocampus and cerebral cortex and
from PND 7 cerebellum, as previously described by Giordano et al. (2006) and Guizzetti et al.
(1996). Briefly, brain regions were dissected, mechanically dissociated and incubated with
trypsin, followed by trituration, repeated washing, and filtering. After counting, cells were
plated at a density of 107 cells in 75 cm? tissue culture flasks pre-coated with poly-D-lysine
and grown in DMEM containing 10% FBS, 100 U/ml penicillin and 100 pg/ml streptomycin
at 37 °C in 5% CO5, /95% air. After 10 days in culture, cells were plated in 24-well plates for
the experiments at the density of 5x10* astrocytes/well.

Cell treatments

DE-71 was dissolved in DMSO to obtain a stock solution of 25 mM, which was diluted
appropriately at the time of use. Three to five different concentrations of DE-71, in triplicate,
were used to allow determination of IC50 values. In some experiments only one selected
concentrations of DE-71 was used. Cells were incubated with DE-71 for 24 h for cytotoxicity
assays and for assessment of apoptosis, or for shorter periods, as appropriate, for other assays.
When used, antagonists (e.g. antioxidants) were added 30 min before DE-71. N-acetylcysteine
and GSHEE were dissolved in PBS, while PBN and melatonin were dissolved in DMSO.
Buthionine sulfoximine (BSO; 25 uM, dissolved in DMSO) was added 24 h before DE-71 to
deplete intracellular GSH. All assays were run in parallel, in cells from Gclm (+/+) and
Gclm (=/-) mice, in triplicate, and each experiments was repeated at least three times.

Cytotoxicity Assays

Cell viability was quantified by a colorimetric method utilizing the metabolic dye 3-(4,5-
dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide (MTT). After 24 h of incubation,
medium was removed and replaced with 500 pl /well of Locke’s solution containing 2 mg/ml
MTT. After 30 min at 37 °C, the MTT solution was removed and the reaction product dissolved
in 0.25 ml of DMSO. MTT is reduced to a blue formazan by mitochondrial dehydrogenases
in living cells, but not by dying cells or their lytic debris. Absorbance was read at 562 nm, and
the results are expressed as percent viability relative to the control. For the Trypan blue
exclusion assay, attached cells were collected by trypsinization, followed by the addition of
appropriate medium/serum to inactivate the trypsin. Cells were counted in a hemocytometer
using equal volumes of cell suspension and trypan blue solution.
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Assessment of apoptosis

Apoptosis was assessed by morphologic analysis and by measurement of DNA fragmentation.
Following DE-71 treatment, cells were fixed with methanol and stained in 10 pg/mL Hoechst
DNA binding dye for 15 min. All cells exhibiting either classical apoptotic bodies or shrunken,
rounded nuclei, were scored as being apoptotic. Five fields across a diameter were counted per
well, at 20X, using an inverted fluorescence microscope. DNA fragmentation was detected
with a commercial Kit. Briefly, cells were washed twice with Locke’s buffer, and incubated
for 10 minutes with an equal volume of lysis buffer containing 10 mM Tris-HCI (pH 7.4), 6
M guanidine-HCI, 10 mM urea and EDTA, and 0.2% Triton X-100. The samples were passed
through glass fiber fleece by centrifugation, and the nucleic acid bound to the glass fibers was
eluted. The DNA was applied to a 1.5% agarose gel, and the bands were then visualized by
ethidium bromide staining and photographed.

Measurements of GSH levels

Total intracellular GSH levels were measured as described by Giordano et al. (2006). Briefly,
cells were homogenized in Locke’s buffer and an aliquot was taken to measure protein
concentration by the bicinchoninic acid method. A second aliquot was diluted (1:1) in 10% 5-
sulfosalicylic acid (SSA), centrifuged at 12,000 rpm for 5 min at 4°C, and the supernatant was
used for GSH determination. Aliquots from the SSA fraction were added to a black flat-
bottomed 96-well plate, and pH was adjusted to 7 with 0.2 M N-ethylmorpholine/0.02 M KOH.
Oxidized glutathione was reduced by adding 10 pl of 10 mM TCEP for 15 min at room
temperature. The pH was then adjusted to 12.5 by using 0.5 NaOH before derivatizing samples
with 10 mM naphthalene dicarboxaldehyde for 30 min. Finally, samples were analyzed on a
spectrofluorometric plate reader (Aex = 472 nm and Agp = 528 nm). After incubation, the total
amount of GSH in the sample was expressed as nanomoles per mg of protein determined from
a standard curve obtained by plotting known amount of GSH incubated in the same
experimental conditions versus fluorescence.

Measurement of Reactive Oxygen Species formation

ROS formation was determined by fluorescence using 2,7’-dichlorofluorescin diacetate (DCF-
DA), as previously described (Giordano et al. 2006). Upon entering cells DCF-DA is de-
esterified to DCFH, which is then oxidized by ROS to form the fluorescent 2,7’-
dichlorofluorescein (DCF). Cells were first washed with Locke’s solution, and then pre-
incubated for 30 min (37°C) with DCF-DA (50 nmol/mg cell protein) in Locke’s solution.
DCF-DA was added from a stock solution in DMSO; the quantity of DMSO never exceeded
0.1%, and was also added to the blank. Cells were then washed with Locke’ solution to remove
extracellular DCF-DA and fluorescence was immediately read using a fluorescence microplate
reader (excitation 488 nm, emission 538 nm).

Measurement of lipid peroxidation

Cells were scraped in 20 mM phosphate buffer (pH 7.4) and aliquots were removed to
determine protein content. After addition of an antioxidant (butylhydroxytoluene, 10 uM) to
prevent sample oxidation, the homogenate was centrifuged at 3000 x g for 10 min to remove
large particles. N-methyl-2-phenylindole and methanesulfonic acid were then added and the
samples were incubated at 45°C for 60 min and then centrifuged at 5000 x g for 10 min to
obtain a clear supernatant. Absorbance of malonyldialdehyde in the supernatant was read at
586 nm.

Statistical Analysis

Data are expressed as the mean + SD of at least three independent experiments. IC50 values
were calculated from a concentration-response curve with 3-5 concentrations of DE-71
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(GraphPad Prism Software), using a non-linear regression with a sigmoidal fit model.
Statistical analysis was carried out by Student’s t-test. Correlations between 1C50 values from
MTT or apoptosis assays were calculated by linear regression analysis and Pearson’s
coefficient.

The neurotoxicity of DE-71 was first evaluated in CGNs from Gelm (+/+) and Gelm (—/-) mice
by the MTT assay. Levels of GSH in these cells were (nmol/mg protein) 12.4 + 1.4 and 2.4 £
1.1, respectively (n =4; p<0.01). As shown in Fig. 1A, the toxicity of DE-71 was higher in
CGNs from Gclm knockout mice (IC50 = 0.9 £ 0.2 uM) than in those from wild-type mice
(IC50 = 7.7 £ 2.3 uM) (n = 3; p<0.01). When CGNs from Gclm (+/+) mice were exposed to
the GSH synthase inhibitor buthionine sulfoximine (BSO; 25 uM for 24 h), levels of GSH
decreased to 3.7 + 0.9 nmol/mg protein, similar to those present in CGNs from Gclm (—/-)
mice. Under this condition, CGNs from Gclm (+/+) mice were as sensitive to DE-71 toxicity
as those from Gelm (=/-) mice (IC50 = 0.7 £ 0.1 uM; n =3) (Fig. 1B). When CGNs of both
genotypes were incubated with the membrane permeable GSH delivery agent GSH ethylester
(2.5 mM for 30 min), intracellular levels of GSH increased to 22 and 18 nmol/mg protein in
CGNs from Gcelm (+/+) and (—/-) mice, respectively (Giordano et al. 2006). Under this
condition, toxicity of DE-71 was significantly decreased (Fig. 1C).

Two antioxidants, PBN and melatonin, protected CGNs of both genotypes from DE-71 toxicity
(Fig. 2A). In contrast, N-acetylcysteine, which needs to be converted to GSH, was only
effective in CGNs from Gclm (+/+) mice (Fig. 2A). DE-71 also caused a time-dependent
increase in the levels of ROS (measured by DCF fluorescence), which was more pronounced
in CGNs from Gclm (—/-) mice (Fig. 2B). In addition, DE-71 caused an increase in lipid
peroxidation, that was also more evident in Gelm (/=) CGNs (Fig. 2C). These findings provide
initial evidence for a central role of GSH in modulating the neurotoxicity of DE-71, and suggest
that its toxicity may involve oxidative stress.

As oxidative stress may be amplified under higher oxygen concentrations, thus leading to an
overestimation of actual effects caused by DE-71, we also investigated the neurotoxicity of,
and the induction of ROS by DE-71 in CGNs, under conditions of low oxygen (5% vs. 21%
in normal cell culturing conditions). Table 1 shows a comparison of the effects of DE-71 under
both low and high oxygen levels in CGNs of both genotypes. There were no significant
differences in the effects of DE-71 on ROS or cell viability under the two experimental
conditions, indicating that the initial findings were not an artifact associated with high oxygen
levels.

In contrast to the findings obtained with MTT, which provides an indication of mitochondrial
integrity, DE-71 had no effect on Trypan blue exclusion at all concentrations tested (1-50 uM;
not shown). This is in agreement with previous results obtained in astrocytoma cells with
BDE-99, which showed a profound effect on MTT reduction, but no effects on Trypan blue
exclusion or lactate dehydrogenase release (Madia et al. 2004). This finding suggests that
DE-71 neurotoxicity in CGNs may be ascribed to an apoptotic process. In apoptotic cell death,
cell shrink, assume a rounded shape, show plasma membrane blebs, display chromatin
condensation, and expose phosphatidylserine on the outer leaf of the cell membrane, and are
ultimately engulfed by phagocytes while their membranes are still intact (Hengartner, 2000).
As shown in Fig. 3A, DE-71 caused a concentration-dependent increase in apoptotic cell death
(measured by Hoechst staining) in mouse CGNs. Apoptotic cell death was more pronounced
in cells from Gclm (—/-) mice, particularly at lower DE-71 concentrations. The pattern of cell
death closely resembled that observed in the MTT assay; the 1C50 values for apoptosis were
11.2+1.5uMand 2.0 £ 0.5 uM in CGNs from Gclm (+/+) and Gelm (=/-) mice, respectively
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(n = 3; p<0.05). Apoptotic cell death was confirmed by measuring DNA fragmentation, as
shown in Fig. 3B.

The initial findings of a central role played by intracellular GSH in modulating the
neurotoxicity of DE-71 in CGNs prompted us to investigate its toxicity in other cell types.
Hippocampal and cerebral cortical neurons, as well as cerebellar, hippocampal and cortical
astrocytes were prepared from Gelm (+/+), Gelm (+/-), and Gelm (=/-) mice. These cells
displayed significant differences in their GSH content (Table 2). In all cases, cells from
Gclm (—/-) mice had lower levels of GSH, as expected. Levels of GSH in cells from Gelm (+/
—) mice did not differ from those in Gclm (+/+) animals, confirming previous observations
(YYangetal. 2002: Giordano et al. 2006). In all brain areas, GSH levels in astrocytes were higher
than those present in neurons, as previously reported for cerebellum (Giordano et al. 2006).
While GSH levels in astrocytes from different brain regions were somewhat comparable, those
in neurons varied considerably. For example, GSH levels in hippocampal neurons were only
5.5 and 1.4 nmol/mg protein in CGNs from Gclm (+/+) and (/=) mice, respectively (Table 2).

To ascertain whether intracellular GSH levels would influence susceptibility of cells to DE-71
toxicity, we carried out concentration-response curves in each cell type of each genotype,
measuring MTT reduction or apoptosis as end-points. Table 3 and 4 show the results of these
experiments. The toxicity of DE-71 was consistently higher in neurons than in astrocytes, and
was higher in Gelm (—/-) mice than in Gelm (+/+) mice. Neurotoxicity was also significantly
higher in hippocampal neurons compared to CGNSs or cortical neurons. These observations
hold true whether the endpoint was MTT reduction (Table 3) or apoptosis (Table 4). Fig. 4
shows typical concentration response curves for DE-71, in hippocampal neurons. For both end-
points, the NOEL (no-observed-effect-level) was 0.05 uM and 0.01 uM for Gelm (+/+) and
(=/-) mice, respectively. The LOEL (lowest-observed-effect-level) was 0.1 uM in cells from
Gclm (+/+) mice, and 0.05 puM for Gelm (—/—) mice. Fig. 5A, B show the correlation between
GSH levels for each cell type from both genotypes, and IC50 values, obtained in the MTT
experiments (Fig. 5A) and in the apoptosis experiments (Fig. 5B). In both cases a significant
correlation was found between GSH levels and toxicity.

Discussion

The main finding of this study is that the in vitro neurotoxicity of the penta-BDE mixture DE-71
in neurons and astrocytes is modulated by intracellular GSH levels. As GSH is a major
component of the cellular antioxidant defense mechanism, these results suggest that DE-71
toxicity is mediated by oxidative stress. This is supported by the findings that various
antioxidants protect against DE-71 neurotoxicity, and that DE-71 causes an increase in ROS
levels and in lipid peroxidation. Furthermore, our results also show that DE-71 toxicity in both
neurons and astrocytes is primarily apoptotic in nature.

The ability of PBDEsS to cause apoptotic cell death has been reported in various cell types.
DE-71 caused apoptosis in rat cerebellar granule cells (Reistad et al. 2006), while BDE-99
induced apoptosis in human astrocytoma cells (Madia et al. 2004);BDE-47 was reported to
cause apoptotic cell death in hippocampal neurons,human neuroblastoma cells, and human
fetal liver hematopoietic cells (He et al. 2008a; 2008b; Shao et al. 2008); and BDE-209 caused
apoptosis in human hepatoma cells Hep G2 (Hu et al. 2007). The mechanisms involved in
PBDE-induced apoptosis have not been yet investigated, but are most likely related to oxidative
stress and may involve the mitochondrial pathway. There is supporting evidence for the ability
of PBDEs to induce oxidative stress. Reistad and Mariussen (2005) reported that DE-71 and
BDE-47 increased the production of ROS in human neutrophil granulocytes; in contrast, DE-71
did not increase ROS levels in rat cerebellar granule cells, though its neurotoxicity was
antagonized by an antioxidant (Reistad et al. 2006). BDE-47 was reported to cause oxidative
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stress in human neuroblastoma cells (He et al. 2008b), in hippocampal neurons (He et al.
2008a), in human fetal hematopoietic cells (Shao et al. 2008), while BDE-209 was shown to
increase oxidative stress in human hepatoma cells HepG2 (Hu et al. 2007). An increase in lipid
peroxidation and in the levels of oxidized glutathione were also found in the liver of American
kestrels (Falco sparverius) treated in ovo with a mixture of BDE-47, -99, -100, and -153
(Fernie et al. 2005). The exact mechanisms involved in PBDE-induced oxidative stress and
mitochondrial dysfunction, leading to apoptotic cell death, have not been elucidated. A number
of in vitro studies have examined the effects of PBDEs on end-points other than oxidative stress
or apoptosis. For example, PBDEs have been shown to increase the translocation of protein
kinase C (Madia et al. 2004; Kodavanti et al. 2005; Kodavanti and Ward, 2005), to inhibit
vesicular dopamine uptake (Mariussen and Fonnum, 2003), and to alter cytosolic and
mitochondrial calcium homeostasis (Kodavanti and Ward, 2005; Coburn et al. 2008;
Dingemans et al. 2008). This latter effect may be of particular relevance, given the importance
of calcium in triggering mitochondrial dysfunction and oxidative stress (cfr. e.g. Giordano et
al. 2006).

Our results indicate that intracellular GSH content plays an important role in determining
susceptibility of neurons and astrocytes to DE-71-induced cytotoxicity and apoptotic cell death.
Indeed, cells from Gclm (/=) mice had significantly lower levels of GSH than their wild-type
counterparts (Table 2), and were consistently more susceptible to DE-71 toxicity (Table 3 and
Table 4). There was also a high, significant correlation between GSH levels and DE-71 toxicity,
when all neurons and astrocytes from both mouse genotypes were compared (Fig. 5). However,
it should be noted that other factors may also play a role in the differential susceptibility of
each cell type. For example, cerebellar astrocytes from Gelm (/=) mice had lower GSH levels
than cortical neurons from Gelm (+/+) mice (4.3 vs 17.8 nmol/mg protein), yet cytotoxicity of
DE-71 was similar in the two cell types (IC50 inthe MTT assay = 13.9 and 11.5, respectively).

The toxic concentrations of DE-71 in this study were in the micromolar range, with some
notable exception (see below). Similar concentrations had been found to exert toxicological
effects in other studies (e.g. Mariussen and Fonnum, 2003; Kodavanti and Ward, 2005; Reistad
et al. 2006). The particular sensitivity of hippocampal neurons to DE-71 toxicity is of some
interest. These cells displayed the lowest levels of GSH of any other cell type examined, and
the highest sensitivity to DE-71 toxicity. In particular, in hippocampal neurons from Gelm (—/
—) mice, the 1C50 for DE-71 was 300-400 nM, with a LOEL of 50 nM (Fig. 4). Interestingly,
Kodavanti and Ward (2005) also reported that mitochondrial calcium uptake was most affected
by DE-71 in the hippocampus than in other brain regions.

The high levels of PBDEs found in human milk and house dust, particularly in North America,
and the high body burden of infants and neonates, have raised concerns on possible
developmental effects of these flame retardants (Eriksson et al. 2001; Birnbaum and Staskal,
2004; McDonald, 2005; Costa and Giordano, 2007). Animal studies have indicated that pre-
or post-natal exposures to several PBDEs can cause developmental neurotoxicity, particularly
in the domains of locomotor activity and of cognitive behavior (e.g. Eriksson et al. 2001;
Branchi et al. 2002; 2003; Viberg et al. 2003; 2006; Dufault et al. 2005; Rice et al. 2007; Gee
and Moser, 2008; additional references in Costa and Giordano, 2007). Of note is that behavioral
effects were also seen following a single exposure to very low doses of PBDEs. For example,
Kuriyama et al. (2005) reported long term behavioral effects in mice following a single prenatal
exposure on gestational day 6 to 0.06 mg/kg of BDE-99. While the reported effects of PBDES
on thyroid hormones levels (Zhou et al. 2002; Skarman et al. 2005; Rice et al. 2007) may
contribute to their developmental neurotoxicity, it should be noted that exposures that did not
cause any alterations in plasma T3 or T4 levels also resulted in neurodevelopmental
abnormalities (Gee and Moser, 2008; Gee et al. 2008). These findings would support the notion
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that direct effect of PBDEs on the developing nervous system may also play a role in their
neurotoxicity.

The reported cognitive and motor effects may suggest an involvement of the hippocampus and
the cerebellum in PBDESs’ developmental neurotoxicity. Alterations in the cerebellar
glutamate-nitric oxide-cGMP pathway have been reported following developmental exposure
to BDE-99 (Llansola et al. 2007), and changes in selected proteins, long-term potentiation, and
nicotinic receptors in the hippocampus were found upon developmental exposure to various
PBDEs (Dingemans et al. 2007; Viberg et al. 2004; Alm et al. 2006). In preliminary
experiments, we have also found that in vivo exposure of mice to BDE-47 (10 mg/kg, per os,
on PND 10), causes an increase of oxidative stress and activation of caspase-3 in cerebellum
and hippocampus (Giordano et al., unpublished results). The developing brain is particularly
sensitive to oxidative stress, possibly due to its richness in free iron and a limited antioxidant
capacity (Sola et al. 2007). The relevant role of oxidative stress in contributing to pathological
apoptosis in the developing brain has also been recently underscored (Blomgren et al. 2007).
An involvement of oxidative stress in developmental neurotoxicity has been reported for other
compounds, such as methylmercury (Stringari et al. 2008), chlorpyrifos (Crumpton et al.
2000), and ethanol (Maffi et al. 2008). The latter study is of particular interest, as ethanol-
induced oxidative stress and apoptosis in the developing brain were found to be dependent
upon the GSH content of selected cell populations (Maffi et al. 2008).

It is important to relate the concentrations of DE-71 utilized in the present study with levels of
PBDEs found in human populations. As said, infants and toddlers in North America have the
highest body burden, with blood levels as high as 400-600 ng/g lipid (Mazdai et al. 2003;
Fischer et al. 2006). In a study in rats, behavioral effects were seen with BDE-99 at plasma
levels of 475 ng/g lipid (Lichtensteiger et al. 2004; Lilientahl et al. 2006; Ceccatelli et al.
2006). The highest concentrations found in humans are about 6-12 nM, i.e. two to three orders
of magnitude lower than the 1C50 values in the present study. However, in some cases, the
toxic concentration of DE-71 was much lower; for example, the LOEL of DE-71 in
hippocampal neurons from Gclm (—/—) mice was 50 nM. This may be of relevance, as
individuals with genetic predisposition leading to low GSH levels may display a higher
susceptibility to PBDEs developmental neurotoxicity. Several polymorphisms in glutamate-
cysteine ligase have been described (Dalton et al. 2004), including some in the Gclm gene
(Nakamura et al. 2002), that cause very low levels of GSH. In this respect, the Gelm (=/-)
mouse utilized in this study may represent an useful animal model for such genetic alterations,
amenable to further in vitro as well as in vivo studies.
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Fig. 1. GSH levels modulate DE-71 neurotoxicity in mouse CGNs

A. Effect of DE-71 on cell viability of CGNs from Gclm (+/+) and (—/—) mice, as assessed by
the MTT assay. B. Effect of BSO (25 uM for 24 h) on DE-71 neurotoxicity in CGNs from
Gclm (+/+) mice. C. Effect of GSHEE (2.5 mM for 30 min) on DE-71 (5 uM) neurotoxicity
in CGNs of both genotypes. Results represent the means (+ SD) of at least three separate
determinations. *Significantly different from DE-71 alone, p<0.05; **p<0.01.
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Fig. 2. DE-71 causes oxidative stress in mouse CGNs

A. Effects of antioxidants N-acetylcysteine (NAC; 2.5 mM), N-t-phenyl-a-butylnitrone (PBN;
100 uM), and melatonin (Mel; 200 uM) on DE-71 (5 uM) neurotoxicity in CGNs from
Gcelm (+/+) and (—/-) mice. B. Effect of DE-71 (5 pM) on ROS production in CGNs from both
mouse genotypes. C. Effect of DE-71 (5 uM) on lipid peroxidation in CGNs from both mouse
genotypes. Results represent the means (+ SD) of at least three separate determinations. *
Significantly different from DE-71 (A) or control (B, C), p<0.05; **p<0.01.
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Fig. 3. DE-71 causes apoptotic cell death of mouse CGNs

A. Apoptosis induced by DE-71 in CGNs of Gclm (+/+) and (—/—) mice as determined with
Hoechst 33342 (see Methods). Results represent the means (+ SD) of at least three separate
experiments. *Significantly different from untreated control, p<0.05; **p<0.01;
***p<0.001. aSignificantly different from Gclm (+/+), p<0.05. B. DE-71-induced apoptosis in
CGNs of both mouse genotypes as assessed by DNA laddering.
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Fig. 4. Concentration-dependent cytotoxicity of DE-71 in hippocampal neurons from Gclm (+/+)
(filled squares) and Gclm (—/=) (open circles) mice
Cytotoxicity was assessed, after 24 h incubation, by the MTT assay (A), and apoptosis was
determined by Hoechst staining (B), Results are presented as percent of control for each
genotype in A, and as percent of apoptotic nuclei in B. The LOEL (lowest-observed-effect-
level) was 0.1 uM in Gelm (+/+) mice and 0.05 uM in Gelm (=/-) mice in both A and B.
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Fig. 5. Correlation between intracellular GSH levels and DE-71 neurotoxicity

A. Correlation between GSH levels in neurons and astrocytes from both mouse genotypes
(Table 2) and neurotoxicity (IC50s) in the MTT assay (Table 3). r2 = 0.63; p = 0.0019. B.
Correlation between GSH levels in neurons and astrocytes from both mouse genotypes (Table
2) and apoptosis (IC50s) in the Hoechst 33342 assay (Table 4). r2 = 0.59; p = 0.0035.
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Table 1
Toxicity and ROS production induced by DE-71 in mouse cerebellar granule neurons at different oxygen level

Cytotoxicity ROS production
Oxygen Gelm (+/+) Gelm (—/-) Gelm (+/4) Gelm (—/-)
21% 6.8+1.7 0.8+0.5 160+ 9 266 + 19
5% 10.1+21 14+0.6 148+ 6 231+9

For cytotoxicity, values represent IC50 (uUM) in the MTT assay, derived from concentration-response curves obtained with 3-5 concentrations of DE-71,
and are the means (+ SD) of three separate determinations. For ROS levels, CGNs were treated with DE-71 (5 uM) for 1 h, and ROS were measured as
described in Methods. Results are presented as percent of control and represent the means (+ SD) of three separate determinations.
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GSH levels in neurons and astrocytes from different brain areas in Geclm (+/+), Gelm (+/-) and Gelm (=/-) mice

Cell type Brain region Gelm (+/+) Gelm (+/-) Gelm (—/-)
Neurons Cerebellum™ 124+1.4 10.1+1.2 24+1.1
Hippocampus 55+1.2 3.7+£09 14+0.6
Cerebral cortex 178+16 155+28 51+1.0
Astrocytes Cerebellum 19.3+16 156+19 43+1.0
Hippocampus 214421 201+£1.7 83+19
Cerebral cortex 254+£35 23113 80+19

GSH was measured as described in Methods and is expressed as nmol/mg protein. Results are the mean (+ SD) of three separate determinations. In all
cell types, GSH levels in Gelm (—/-) mice are significantly different from Gclm (+/+) mice (p<0.01); GSH levels in Gelm (+/-) mice do not differ from

Gclm (+/+) animals (p>0.05).

*
Cerebellar granule neurons.
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Table 3
Neurotoxicity of DE-71 in neurons and astrocytes from different brain regions in Geclm (+/+) and Gelm (—/-) mice
Cell type Brain region Gelm (+/+) Gelm (—/-)
Neurons Cerebellum™ 77+23 0.9+0.2
Hippocampus 22+17 03+0.1
Cerebral cortex 11.5+09 35+15
Astrocytes Cerebellum 39.6+1.8 139+1.2
Hippocampus 52.3+34 28.3+34
Cerebral cortex 61.3+4.38 23932

Neurotoxicity was assessed by the MTT assay, as describe in Methods. Results represent IC50 values (uM) derived from concentration-response curves
utilizing 3-5 concentrations of DE-71, and are the means (+ SD) of three separate determinations.
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*
Cerebellar granule neurons.
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Table 4
Induction of apoptosis by DE-71 in neurons and astrocytes from different brain areas in Gclm (+/+) and Gelm (—/-)
mice
Cell type Brain region Gelm (+/+) Gelm (—/-)
Neurons Cerebellum™ 11.2+15 2.0+05
Hippocampus 23+0.8 04+0.2
Cerebral cortex 478+1.8 6.6+1.4
Astrocytes Cerebellum 1186 +3.5 70.8+5.6
Hippocampus 89.1+3.8 422426
Cerebral cortex 86.2+2.0 488+2.8

Apoptosis was assessed by Hoechst staining, as described in Methods. Results represent 1C50 values (LM) derived from concentration-response curves
utilizing 3-5 concentrations of DE-71, and are the means (+ SD) of three separate determinations.

*
Cerebellar granule neuron
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