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Abstract
A large body of evidence indicates that polybrominated diphenyl ether (PBDE) flame retardants
have become widespread environmental pollutants. Body burden is particularly high in infants and
toddlers, due to exposure through maternal milk and house dust. Animal studies suggest that
PBDEs may exert developmental neurotoxicity, via mechanisms that are still elusive. PBDEs have
been reported to cause oxidative stress and apoptotic cell death in neurons in vitro, when tested in
mono-cultures. Here we report the results of experiments in which mouse cerebellar granule
neurons (CGNs) were co-cultured with cerebellar astrocytes. Astrocytes were found to protect
neurons against the toxicity of the PBDE mixture DE-71. Astrocytes from Gclm (−/−) mice,
which lack the modifier subunit of glutamate cysteine ligase and, as a consequence, have very low
GSH levels, were much less effective at protecting CGNs from DE-71 toxicity. The protective
effects was mostly due to the ability of Gclm (+/+) astrocytes to increase GSH levels in neurons.
By increasing GSH, GSH ethylester provided a similar protective effect. In vivo, where both
neurons and astrocytes would be either Gclm (+/+) or Gclm (−/−), the toxicity of DE-71 to CGNs
is predicted to vary 16.8-fold, depending on genotype. Hence, in addition to being intrinsically
more susceptible to DE-71 toxicity because of their low GSH content, CGNs in Gclm (−/−) mice
would also lack the full protective effect provided by astrocytes. Since several polymorphisms,
including some in the Gclm gene, cause very low levels of GSH, it may be speculated that such
individuals might display a higher susceptibility to the neurotoxic effects of PBDEs.

Introduction
Polybrominated diphenyl ethers (PBDEs) are a class of flame retardants that have been
extensively used in the past thirty years, particularly in textiles, carpets, television sets,
computers and small appliances. Since they are not fixed to the polymer product through
chemical binding, PBDEs can leak into the environment, and have become persistent
environmental pollutants (deWit, 2002; Hale et al. 2003; Law et al. 2006). PBDEs have been
found in a wide variety of species, including humans, where the highest body burden is
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found in infants and toddlers, because of their exposure through maternal milk and house
dust (McDonald, 2005; Fischer et al. 2006; Zuurbier et al. 2006; Lorber, 2008). PBDEs can
cross the placenta, and similar concentrations are found in maternal and fetal blood (Mazdai
et al. 2003; Antignac et al. 2008).

The high exposure to PBDEs during development has raised concerns regarding their
potential developmental toxicity. Recent evidence suggests that PBDEs may be
developmental neurotoxicants (Branchi et al. 2003; Birnbaum and Staskal, 2004; McDonald,
2005; Costa and Giordano, 2007), as indicated by animal studies in which pre- or post-natal
exposure to various PBDEs was found to cause behavioral alterations particularly in the
domains of locomotor activity and cognition (Eriksson et al. 2001; Branchi et al. 2002;
Viberg et al. 2003; 2006; Dufault et al. 2005; Rice et al. 2007, Gee and Moser, 2008; Onos
et al. 2008).

Two modes of action, that are not necessarily mutually exclusive, are being suggested as
possible mechanisms underlying the developmental neurotoxicity of PBDEs, one related to
an impairment of thyroid hormone homeostasis, the other involving direct effects of PBDEs
on neuronal and/or glial cells (Zhou et al. 2002; Costa and Giordano, 2007). Some in vitro
studies have shown that PBDEs can affect signal transduction pathways, such as protein
kinase C or calcium homeostasis (e.g. Kodavanti and Ward, 2005; Coburn et al. 2008;
Dingemans et al. 2008), while others have indicated that these compounds may cause
apoptotic cell death of neurons, by mechanisms that involve oxidative stress (e.g. Reistad et
al. 2006; He et al. 2008a;b).

We recently reported that the PBDE mixture DE-71 caused oxidative stress and apoptosis in
mouse neurons and astrocytes, and that these effects were modulated by intracellular
glutathione (GSH) levels (Giordano et al. 2008). GSH is found at higher levels in astrocytes
than in neurons (Rice and Russo-Menna, 1998; Giordano et al. 2008), and indeed DE-71
toxicity is greater in neurons than astrocytes (Giordano et al. 2008). In the brain, however,
astrocytes are in close proximity to neurons. Since neurotoxicity of PBDEs has been so far
investigated in neurons or astrocytes in mono-culture, the present study aimed at
determining the neurotoxicity of DE-71 in co-cultures of mouse cerebellar astrocytes and
cerebellar granule neurons (CGNs).

Material 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. Dimethylsulfoxide (DMSO) and 3-(4,5- dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) were purchased from Sigma Chemical Co. (St. Louis, MO, USA).
Neurobasal-A medium, fetal bovine serum (FBS) and gentamycin were from Invitrogen
(Carlsbad, CA, USA).

Generation of Gclm-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. Gclm-null [Gclm (−/−)] mice were derived
by homologous recombination techniques in mouse embryonic stem cells, as previously
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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 and cerebellar astrocytes
Cultures of cerebellar granule neurons (CGN) were prepared from 7 day-old mice, as
described by Giordano et al. (2006). Neurons were grown for 10–12 days before treatments.
Primary mouse astrocytes were obtained from PND 7 cerebellum, as previously described
by Giordano et al. (2006). After 10 days in culture, cells were plated in 24-well plates for the
experiments at the density of 5×104 astrocytes/well.

Co-cultures of neurons and astrocytes, cell treatments and cytotoxicity assay
Astrocytes were cultured as described above. After ten days, astrocytes were dissociated
with 0.25% trypsin and 0.1% DNase in Hanks’ balanced salt solution and subcultured on
permeable membranes (inserts) for 5 days. To maintain the correct hydrostatic pressure
across the insert membrane, volumes in the co-cultures were regulated such that 15% of the
total incubation volume was inside the insert and 85% in the well. DE-71 was dissolved in
DMSO to obtain a stock solution of 25 mM, which was diluted appropriately in medium at
the time of use. Three to five different concentrations of DE-71, in triplicate, were used to
allow determination of IC50 values. Co-culture treatment was performed as described by
Morken et al. (2005) with minor modifications. Briefly, the inserts containing cultured
astrocytes were transferred to the neuronal plates, containing cultured neurons, 24 h prior to
incubation with DE-71. At time of insert transfer, half of the neuronal medium was replaced
with astrocyte medium. The ratio of astrocytes to neurons was 2.5–3.0 is all experiments.
Cell viability was quantified by a colorimetric method utilizing the metabolic dye 3-(4,5-
dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bromide (MTT), as previously described
(Giordano et al. 2006; 2008).

Measurement of GSH levels
Intracellular GSH levels were measured spectrophotometrically, as described by Giordano et
al. (2006).

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
(GraphPad Prism Software), using a non-linear regression with a sigmoidal fit model.
Statistical analysis was carried out by one way ANOVA followed by Bonferroni’s multiple
comparison test.

Results and discussion
In the present study we utilized CGNs and cerebellar astrocytes from Gclm (+/+) and Gclm
(−/−) mice. The latter lack the modifier subunit of glutamate cysteine ligase (GCL) the first
and rate-limiting step in the synthesis of GSH (Dringen, 2000). In the absence of GCLM, the
efficiency of the catalytic subunit GCLC to synthesize GSH is drastically impaired, resulting
in GSH levels that are 9–20% of those found in Gclm (+/+) animals (Yang et al. 2002;
Giordano et al. 2006; 2008; McConnachie et al. 2007). We had previously found that the
toxicity of DE-71 was enhanced in neurons (CGNs and others) from Gclm (−/−) mice, due
to their low GSH content (Giordano et al. 2008). In the co-culturing system utilized in the
present study, astrocytes were plated on poly-D-lysine coated, permeable membranes, and
allowed to attach. Inserts were then transferred onto a neuron monolayer. The co-culture was
then treated with different concentrations of DE-71. Cytotoxicity in neurons and astrocytes
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can be assessed separately in this system, thus allowing determination of the possible
protective role of astrocytes toward neurons.

As shown in Table 1, DE-71 decreased the viability of mouse CGNs from Gclm (+/+) mice
(in mono-culture), with an IC50 of 7.2 μM. When CGNs were co-cultured with cerebellar
astrocytes from Gclm (+/+) mice, the toxicity of DE-71 was decreased by fivefold, resulting
in an IC50 of 38.7 μM. In contrast, cerebellar astrocytes from GClm (−/−) mice were less
effective at protecting Gclm (+/+) CGNs, as the IC50 of DE-71 increased by only two-fold
to 13.8 μM (Table 1).

As previously reported (Giordano et al. 2008), CGNs from Gclm (−/−) mice were
significantly more susceptible to DE-71 toxicity (IC50 = 1.1 μM). Cerebellar astrocytes
from Gclm (+/+) mice, co-cultured with Gclm (−/−) CGNs, provided a high degree of
protection (almost eight-fold). In contrast, astrocytes from Gclm (−/−) mice were much less
protective, and the IC50 of DE-71 increased only by two-fold to 2.3 μM (Table 1).

The toxicity of DE-71 toward cerebellar astrocytes was lower than in neurons, and was
higher in astrocytes from Gclm (−/−) animals than in astrocytes from Gclm (+/+) animals
(Table 2). The presence of CGNs of either genotype did not have any effect on the
susceptibility of cerebellar astrocytes to DE-71 (Table 2).

These findings indicate that astrocytes can protect neurons toward DE-71 toxicity, and that
the degree of protection is dependent upon the GSH content of the astrocytes. A mechanism
involved in this protective effect may be represented by a lower accumulation of DE-71 in
CGNs as a consequence of the presence of astrocytes, as has been shown for example in
case of methyl mercury (Morken et al. 2005). However, this would not explain why
astrocytes from Gclm (−/−) mice are less protective than those of Gclm (+/+) mice.

As previously reported (Giordano et al. 2008), DE-71 toxicity in CGNs is primarily
represented by oxidative stress-mediated apoptosis. Astrocytes have been shown to protect
neurons against oxidative stress by providing GSH. Cystine is taken up by astrocytes and
converted to cysteine, which serves for the synthesis of GSH; GSH is then released from
astrocytes, and metabolized by γ-glutamyl transpeptidase (GGT) to cysteinylglycine, from
which cysteine is released by an endopeptidase located on the neuronal membrane surface.
Cysteine is then taken up by neurons through the EAAC1 transporter (Aoyama et al. 2006)
and utilized for GSH synthesis. Astrocytes have also been shown to induce transcriptional
up-regulation of neuronal GSH through the release of still unidentified factors (Iwata-
Ichikawa et al. 1999). Furthermore, GGT has also been shown to transfer the γ-glutamyl
moiety of GSH to extracellular cystine to form γ-glutamylcystine, which can be taken up
into cells, reduced to γ-glutamylcysteine, and used by GSH synthethase to synthesize GSH,
thus bypassing glutamate-cysteine ligase (GCL; Anderson and Meister, 1983; Chinta et al.
2006).

To test the hypothesis that astrocytes may protect neurons by increasing their GSH content,
we measured GSH levels in CGNs cultured alone or in the presence of astrocytes. As shown
in Table 3, Gclm (+/+) astrocytes were able to significantly increase GSH levels in CGNs of
both genotypes. In contrast, Gclm (−/−) astrocytes were much less effective in this regard.
The astrocyte-induced increase in CGNs’ GSH content was also observed when the co-
cultures were exposed to DE-71, which, alone, did not alter GSH content in CGNs (Table 3).
To further probe the hypothesis that a major mechanism of CGN protection by astrocytes is
the ability of the latter to increase GSH levels in neurons, CGNs alone or co-cultured with
astrocytes were treated with DE-71 in the presence of GSH ethylester (GSHee). We had
previously shown that GSHee (at 2.5 mM) significantly increases GSH levels in CGNs of
both mouse genotypes (Giordano et al. 2006), and this was confirmed in the present study
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(not shown). Fig.1 shows that treatment of CGNs, cultured alone or with astrocytes, with
GSHee, protected them from the cytotoxicity of DE-71.

Altogether, these results confirm that intracellular GSH content is a most important
determinant of CGN susceptibility to DE-71 neurotoxicity. By providing GSH, astrocytes
protect neurons against the oxidative stress-mediated toxicity of DE-71. However, additional
minor mechanisms may also be involved in the protective effect, as suggested, for example,
by the finding that Gclm (−/−) astrocytes provided a 2-fold protection of Gclm (−/−) CGNs,
without significantly increasing their GSH levels (Tables 1 and 3).

In vivo, both neurons and astrocytes would be either Gclm (+/+) or Gclm (−/−). Thus, in an
in vitro system expected to mimic the in vivo situation (where both neurons and astrocytes
are present) the toxicity of DE-71 to CGNs would vary from 38.7 to 2.3 μM (ratio = 16.8),
depending on genotype. Hence, in addition to being intrinsically more susceptible to DE-71
toxicity because of their low GSH content, CGNs in Gclm (−/−) mice would also lack a full
protective effect provided by astrocytes. This may be of relevance for individuals with
genetic predispositions causing low GSH levels, as they may display a higher susceptibility
to PBDE developmental neurotoxicity. Indeed, several polymorphisms in GCL have been
described (Dalton et al. 2004; Botta et al. 2008), including some in the Gclm gene, that are
associated with low levels of GSH (Nakamura et al. 2002).
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Fig. 1.
Glutathione ethyl ester (GSHee) protects CGNs in monoculture and in co-culture from
neurotoxicity induced by DE-71. Astrocytes and neurons were co-cultured as described in
methods and treated for 24 hr with DE-71 (10 μM) alone, or after a 30 min pre-incubation
with GSHee (2.5mM). Citotoxicity was assessed by the MTT assay. Results represent the
mean (± SD) of three separate determinations. *Significantly different from DE-71 in the
absence of GSHee, p<0.05; **, p<0.01; ***, p<0.001.
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Table 1

Neurotoxicity of DE-71 in CGNs co-cultured with cerebellar astrocytes

Astrocytes CGNs IC50 (uM)

None Gclm (+/+) 7.2 ± 0.8

Gclm (+/+) Gclm (+/+) 38.7 ± 3.6**##

Gclm (−/−) Gclm (+/+) 13.8 ± 1.6**

None Gclm (−/−) 1.1 ± 0.4

Gclm (+/+) Gclm (−/−) 8.1 ± 0.7* #

Gclm (−/−) Gclm (−/−) 2.3 ± 0.6

Values represent IC50 (uM) in the MTT assay, derived from concentration-response curves obtained with 3–4 concentrations of DE-71, and are the
means (± SD) of three separate determinations.

*
Significantly different from the respective CGNs alone, p<0.01;

**
p<0.001.

#
Significantly different from the respective co-cultures with Gclm (−/−) astrocytes, p<0.01;

##
p<0.001.
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Table 2

Neurotoxicity of DE-71 in cerebellar astrocytes co-cultured with CGNs

CGNs Astrocytes IC50 (uM)

None Gclm (+/+) 41.1 ± 3.0

Gclm (+/+) Gclm (+/+) 42.9 ± 3.6

Gclm (−/−) Gclm (+/+) 38.0 ± 2.5

None Gclm (−/−) 12.7 ± 2.6

Gclm (+/+) Gclm (−/−) 14.8 ± 1.4

Gclm (−/−) Gclm (−/−) 12.2 ± 2.3

Values represent IC50 (uM) in the MTT assay, derived from concentration-response curves obtained with 3–4 concentrations of DE-71, and are the
means (± SD) of three separate determinations. All results in Gclm (−/−) astrocytes were significantly different from those in Gclm (+/+) astrocytes
(p<0.01). There were no significant differences within astrocyte genotypes.
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Table 3

Total intracellular GSH levels in CGNs cultured alone or with cerebellar astrocytes

Astrocytes CGNs Control +DE-71

None Gclm (+/+) 13.5 ± 1.0 11.7 ± 1.5

Gclm (+/+) Gclm (+/+) 17.9 ± 1.1 * 18.6 ± 1.9*

Gclm (−/−) Gclm (+/+) 15.2 ± 1.4 14.6 ± 1.4

None Gclm (−/−) 2.6 ± 0.7 3.1 ± 0.9

Gclm (+/+) Gclm (−/−) 8.3 ± 1.1** 6.7 ± 0.8*

Gclm (−/−) Gclm (−/−) 3.8 ± 0.8 3.5 ± 0.7

Astrocytes and neurons were co-cultured as described in Methods and treated for 24 hr with DE-71 (10 μM). Total intracellular GSH levels were
measured as described by Giordano et al. (2006). Values are expressed as nmol/mg protein, and results represent the mean (± SD) of three separate
experiments.

*
Significantly different from CGNs alone (without astrocytes), p<0.01;

**
p<0.001.
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