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Chapter 1

1.1 Brominated flame retardants

To reduce deaths and injuries, as well as economical impact of fires, fire safety standards have
been established in modern societies. An important fire safety measure is the application of
flame retardant chemicals. Flame retardants are chemicals added to a product to prevent or
delay combustion, thereby increasing the chance to extinguish or escape a fire. In the last
decades, increasing production of petroleum-based polymer materials has gone together with
increasingly strict fire regulations. Therefore, increasing amounts of flame retardants are
being produced and used during the last decades. Four main classes of flame retardants
(inorganic, halogenated organic, organophosphorus and nitrogen-based flame retardants) are
produced and used, comprising together more than 175 chemicals (reviewed in Alaee et al.
2003).

In Europe and North America, brominated flame retardants (BFRs) are regularly used
flame retardants. Bromine, like other halogens, eliminates free radicals generated in a fire
with high efficiency, thereby preventing the propagation of a flame. BFRs are a structurally
diverse group of chemicals, which were introduced in the 1970s as flame retardants in
industrial and consumer products after the discovery of the adverse effects of polychlorinated
biphenyls (PCBs) on human health and in experimental studies (reviewed in Fonnum and
Mariussen 2009; Seegal 1996).

Products in which BFRs are applied are for example electronic equipment, furniture,
upholstery, construction materials and textiles. BFRs with the highest production volumes are
polybrominated diphenyl ethers (PBDEs), hexabromocyclododecane (HBCD) and tetra-
brominated bisphenol-A (TBBPA; Bromine Science and Environmental Forum; BSEF 20093;
table 1.1). Both PBDEs and HBCD are additive flame retardants, thus lacking chemical bonds
with the polymers they are added to. This lack of chemical bonds makes these BFRs prone to
leakage from the products in which they are used. Although TBBPA can also be used in an
additive manner, it is mainly used as a reactive flame retardant (covalently bound to the
polymers; Alaee et al. 2003), and therefore not investigated in this research.

The molecular structure of PBDEs consists of two phenyl rings connected by an ether
bond, with varying bromination pattern and degree. Bromine substitution of PBDEs can be
located at 10 different carbon-atoms in the two phenyl rings. Therefore, 209 different
bromination patterns are possible, thus 209 PBDE congeners divided in 10 different congener
groups (mono- to decabrominated diphenyl ether). PBDE congeners are numbered using the
International Union of Pure and Applied Chemistry (IUPAC) system, similar to PCBs (Maervoet
et al. 2004). In practice, the use of individual PBDE congeners is limited to research purposes,
as PBDEs have been marketed in the form of different commercial products: PentaBDE,
OctaBDE and DecaBDE (Table 1.1).
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Table 1.1. Different classes of brominated flame retardants and some of their characteristics (Birnbaum
and Staskal 2004; BSEF 2009c, 2009d, 2009¢; Covaci et al. 2006; Hardy 2002).

polybrominated

hexabromocyclododecane

tetrabrominated

diphenyl ether (PBDE) (HBCD) bisphenol-A (TBBPA)
C12H10,Br0 C1aH15Brs Cy5H12Br,0,
molecular formula Br
Br  Br Br H.C CH,
OaY "o fen
molecular structure Br
Br HO Br HO OH
example: 6-OH-BDE-47 Br Br Br Br
Br
PentaBDE: 32534-81-9
CAS number OctaBDE: 32536-52-0 25637-99-4 79-94-7
DecaBDE: 1163-19-5
. 249.1-959.2
molecular weight (BDE-47: 485.8) 641.7 543.9
log K > 2 5.6 45
08 Fow BDE-209: ~10 - 12 : :
worldwide production
volume (* 1000 metric 67.4 16.7 119.6
tons, 2001)
worldwide production
volume (* 1000 metric unknown unknown unknown
tons, 2009)
PentaBDE: BDE-47,
BDE-99, BDE-100,
BDE-153
main a-HBCD
isomers/congeners in OctaBDE: BDE-183, B-HBCD n.a.
commercial product(s) BDE-196, BDE-197, y-HBCD
BDE-203
DecaBDE: BDE-209
application method additive additive reactive
electronics olystyrene insulation
automobiles and polysty . R
L . foams printed circuit boards
applications airplanes . . .
. - textile coatings electronics
construction and building .
electronics

furniture textiles

n.a.: not applicable
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HBCD is marketed as an isomeric mixture in which the diastereoisomers a-HBCD, $-HBCD and
y-HBCD are predominant, although other diastereoisomers have also been identified (Heeb et
al. 2005). The commercial HBCD mixture consists for 70 - 90% of y-HBCD (Covaci et al. 2006).

Additive flame retardants, like PBDEs and HBCD, are generally considered persistent
organic pollutants (Hale et al. 2006), although this is a matter of debate (BSEF 2009b). To
prevent and reduce environmental and human exposure, PBDEs are regulated in Europe
under the Registration, Evaluation, Authorization and Restriction of Chemicals (REACH)
framework by the European Chemicals Agency, the Restriction of Hazardous Substances used
in electrical and electronic devices (RoHS) directive, Waste Electrical and Electronic
Equipment (WEEE) directive and the Water Framework Directive. Furthermore, BFR industry
and down-stream users execute product stewardship initiatives to reduce environmental and
human exposure (BSEF 2009a).

1.2 Environmental and human exposure to PBDEs

During the last decades, mainly PBDEs were used in consumer products (Alaee et al. 2003).
Since 2004, voluntary action and legislative measures have been taken to phase out the
penta- and octabrominated diphenyl ethers from the market in Europe and North America.
Recently, a European Court ruling removed the exemption status of DecaBDE in the RoHS
directive in the EU, meaning that DecaBDE is no longer allowed to be used as a flame
retardant in electronics. It has also only just been announced (December 2009) that DecaBDE
will be voluntarily phased out in North America within the following years. However, DecaBDE
is still in use with few restrictions in other parts of the world. Although no longer in
commercial production, the lower brominated PBDEs are still being found globally in both the
environment and human tissues (Frederiksen et al. 2009; Yogui and Sericano 2009).

The use patterns of different commercial products of PBDEs vary globally (Law et al.
2006a), which is reflected in congener patterns and levels measured in the environment,
wildlife and humans (Birnbaum and Cohen Hubal 2006). PBDEs are mainly released into the
environment at production sites, recycling facilities and via waste water. Particularly
important for the indoor environment is the release of PBDEs from flame-retarded consumer
products through volatilization and abrasion (Alcock et al. 2003; Law et al. 2006a; Lorber
2008). Upon introduction into the environment, PBDEs particularly accumulate in species at a
higher trophic level in mainly aquatic and arctic food chains (de Wit et al. 2006; Jenssen et al.
2007; Johnson-Restrepo et al. 2005a; Letcher et al. 2009; Losada et al. 2009; Shaw et al. 2009;
Wan et al. 2008; Wolkers et al. 2004). In wildlife as well as human tissues, PBDE congeners
BDE-28, BDE-47, BDE-99, BDE-100, BDE-153 and BDE-183 are particularly observed, as well as,
although at lower concentrations, BDE-209 (reviewed in Hakk and Letcher 2003). Usually,
BDE-47 is the predominant congener in biotic samples (reviewed in Frederiksen et al. 2009;
Hites 2004).



General introduction

PBDEs have been detected in air (Wilford et al. 2004) and in-door house dust (Wilford
et al. 2005). Consequently, humans are exposed to PBDEs via air and ingestion of house dust,
but also through intake of vegetable and animal products (Johnson-Restrepo and Kannan
2009; Frederiksen et al. 2009). Dietary exposure of especially the lower brominated PBDEs is
mainly associated with fish consumption (Knutsen et al. 2008), though other food items with
high lipid content, such as dairy and meat products, also contain considerable amounts of
PBDEs (Schecter et al. 2008; Schecter et al. 2006). PBDEs have been detected in liver, blood,
milk and adipose tissues, occasionally at high concentrations, in both wildlife (reviewed in de
Wit 2002; Law et al. 2003) and human tissues, including breast milk (Bradman et al. 2007;
Petreas et al. 2003; Schecter et al. 2003; Sjodin et al. 2004; reviewed in Frederiksen et al.
2009).

Exponentially increasing concentrations of PBDEs have been determined (with an
approximate doubling time of 5 years determined during the last decade of the 20" century)
in both wildlife (lkonomou et al. 2002; Norstrom et al. 2002; Sellstrom et al. 2003) and human
tissues (Norén and Meironyté 2000; reviewed in Frederiksen et al. 2009). In Europe, human
levels are approaching a plateau (Guvenius et al. 2003; Lind et al. 2003; reviewed in
Frederiksen et al. 2009), while in North America, human PBDE levels are not only
approximately 1 to 2 orders of magnitude higher compared to Europe or Japan but may also
still be increasing (Inoue et al. 2006; Johnson-Restrepo et al. 2005b; Petreas et al. 2003;
Sandanger et al. 2007; Schecter et al. 2003; Sjodin et al. 2008). Despite the absence of
restrictions on the production or use of PBDEs, human serum PBDE levels in Asia are
comparable to those in Europe (reviewed in Martin et al. 2004; Zhu et al. 2009). However, the
number of studies on human internal exposure in Asia is very low, particularly when excluding
Japan.

Higher levels of PBDEs, including DecaBDE, compared to the general human population
have been detected in people working at electronics waste recycling plants and incinerators
(Bi et al. 2007; Sjodin et al. 1999; Stapleton et al. 2008b; Thuresson et al. 2005; reviewed in
Schecter et al. 2009). Computer technicians are exposed occupationally to higher PBDE
concentrations compared to the general population, particularly to higher brominated PBDEs
(Jakobsson et al. 2002). Half-lives of higher brominated PBDEs for elimination after cessation
of occupational exposure are estimated to be ~15 days for BDE-209 and ~30 and ~65 days for
nona- and octaBDEs, respectively (Thuresson et al. 2006). In contrast, lower brominated PBDE
have been demonstrated to bioaccumulate (reviewed in Frederiksen et al. 2009; Hites 2004).

Toxicokinetics studies in rodents (Chen et al. 2006; Hakk et al. 2002; Orn and Klasson-
Wehler 1998; Sanders et al. 2006a; Staskal et al. 2006b; von Meyerinck et al. 1990; reviewed
in Darnerud et al. 2001; Hakk and Letcher 2003) demonstrated high absorption and slow
elimination as well as accumulation in adipose tissue after a single oral dose of tetra-, penta
and hexaBDEs. Studies in fish showed an efficient absorbance of PBDEs, with a negative
correlation with bromination degree (Burreau et al. 1997; Burreau et al. 2004). BDE-209 has
also been detected in bird’s eggs, birds, fish and marine mammals (reviewed in Law et al.
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2006a) as well as human tissues (reviewed in Frederiksen et al. 2009) despite its poor
absorption in the gastrointestinal tract, low solubility, high log octanol-water partition
coefficient (Ko,) and molecular weight (Morck et al. 2003). Ecotoxicological concern has arisen
from the observation of very high concentrations of BDE-209 in birds of prey in North-China.
This observation is a sign of significant biomagnifications of BDE-209 in terrestrial food chains
(Chen et al. 2007).

Moreover, toxicokinetics studies in rodents revealed the formation of hydroxylated
and methoxylated metabolites from man-made PBDEs (OH-PBDEs and MeO-PBDEs), which
were previously also detected in wildlife and considered natural products (discussed in §1.4).

Several exposure studies have demonstrated that exposure to PBDEs is higher in young
children compared to adults (Fischer et al. 2006; Toms et al. 2008, 2009). This is probably due
to differences in external exposure, especially dust ingestion via child specific hand-to-mouth
behavior (Jones-Otazo et al. 2005; Wilford et al. 2005). An additional source of exposure for
young children is breast milk, in which especially lower brominated PBDEs have been
detected in increasing concentrations (Fangstrém et al. 2005; Meironyté et al. 1999; Schecter
et al. 2003; reviewed in Frederiksen et al. 2009). Moreover, prenatal exposure also occurs
through placental transfer of maternal PBDEs (Bi et al. 2006; Gémara et al. 2007; Guvenius et
al. 2003; Mazdai et al. 2003; Meijer et al. 2008; Schecter et al. 2007). Another contributing
factor to the higher internal exposure of children to PBDEs compared to adults has been
suggested to be lower renal excretion capacity in children (Staskal et al. 2006a, 2005).

13 Toxicity of PBDEs

Acute toxicity of PBDEs. Acute toxicity studies revealed only moderate effects at high
exposure concentrations, mainly in the liver and thyroid gland (reviewed in Hardy 2002).
These data resulted in no-observed adverse effect levels (NOAELs) of 1 mg/kg bw, <100 mg/kg
bw and 1000 mg/kg bw (in repeated dose studies) for respectively the Penta-, Octa- and
DecaBDE commercial products.

Hepatic toxicity of PBDEs. Because of their structural resemblance to aryl-hydrocarbon (Ah)
receptor activating compounds (2,3,7,8-tetrachlorodibenzo-p-dioxin; TCDD and PCBs),
possible effects of PBDEs on Ah receptor-mediated processes were investigated. Commercial
PBDE mixtures have been shown to increase gene induction or activity of hepatic enzymes in
rodents and zebrafish (Dunnick and Nyska 2009; Fowles et al. 1994; Kuiper et al. 2006;
Pacyniak et al. 2007; Sanders et al. 2005; Stoker et al. 2004; Szabo et al. 2009; van der Ven et
al. 2008b; Zhou et al. 2001), which has also been detected in vitro in hepatocytes and hepatic
cell lines (Fery et al. 2009). Single PBDE congeners also induced cytochrome P450 (CYP)
activity (Chen et al. 2001; Hallgren and Darnerud 2002), although others detected no effects
on hepatic CYP activity or even antagonism (Chen and Bunce 2003; Kuiper et al. 2004; Peters
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et al. 2004, 2006). BDE-99 and BDE-209 caused gene induction of CYP enzymes in human
hepatocytes (Stapleton et al. 2009). Nonetheless, the observed Ah receptor-mediated effects
of commercial PBDE mixtures is probably primarily due to trace amounts of brominated
dioxins and furans, which are potent inducers of CYP enzymes (Sanders et al. 2005; Wahl et al.
2008).

Endocrine toxicity of PBDEs. Endocrine toxicity of PBDEs has been extensively investigated
(reviewed in Darnerud 2008; Legler 2008). Endocrine and reproductive effects were detected
in wild birds (Fernie et al. 2008, 2009; Henny et al. 2009). In vivo estrogenic effects of PBDEs
have also been detected in experimental studies with rodents (Dang et al. 2007; Mercado-
Feliciano and Bigsby 2008a), as well as decreased sperm count or function (Kuriyama et al.
2005; Tseng et al. 2006, van der Ven et al. 2008b) and histological changes in ovaries (Talsness
et al. 2005). Effects on sexual development and sexually dimorphic behavior were detected in
rats (Lilienthal et al. 2006). In vitro studies demonstrated that PBDEs bind to estrogen,
proestrogen and androgen receptors, thereby exerting agonistic and antagonistic effects
(Harju et al. 2007; Meerts et al. 2001; Stoker et al. 2005) and that PBDEs inhibit CYP enzymes
involved in steroidogenesis (Cantdn et al. 2005, 2006). Decreased activity of CYP enzymes
involved in steroidogenesis was also demonstrated in vivo after exposure to BDE-209 (van der
Ven et al. 2008a).

Additionally, evidence is accumulating for a PBDE-induced disturbance of the thyroid
hormone system. Thyroid hormones are involved in the basal cellular metabolic rate, but also
essential for normal brain development (Horn and Heuer 2009; Leonard 2008). Even
subclinical maternal hypothyroidism has been associated with impaired psychomotor
development in humans (Pop et al. 1999). Effects of PBDEs and PBDE mixtures on the thyroid
hormone system, mainly decrease in thyroxin (T,), have been observed in vivo in rodents
exposed pre- and/or neonatally (Driscoll et al. 2009; Rice et al. 2007; Zhou et al. 2001, 2002)
or in adulthood (Darnerud et al. 2007; Fowles et al. 1994; Hallgren et al. 2001; Richardson et
al. 2008). At a low dose, relevant to the human exposure situation, changes in thyroid gland
histology and morphology were detected in rats (Talsness et al. 2008). After developmental
exposure to BDE-209 (Gestational day; GD 6 - 17), a decrease in triiodothyronine (T3), but not
T,4, was observed in mice offspring (Tseng et al. 2008).

Effects on the thyroid hormone system have also been detected in wild birds (Fernie et
al. 2005), mink (Zhang et al. 2009a), fathead minnow (Lema et al. 2008), lake trout (Tomy et
al. 2004b) and xenopus tadpoles (Schriks et al. 2006b). PBDEs and in particular OH-PBDEs,
which have a structural resemblance to the thyroid hormone T, bind to thyroid hormone
transport proteins (Marchesini et al. 2008; Meerts et al. 2000; Schriks et al. 2006a; Ucan-
Marin et al. 2009).

Associations of PBDEs with thyroid hormone levels have also been investigated in humans.
Serum concentrations of PBDEs (median: 38 ng/g lipids) in consumers of fish caught in the
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Great Lakes (US) were related to thyroid hormone concentrations. The test subjects in this
study had serum levels comparable to the general US population, and no thyroid-related
afflictions (Turyk et al. 2008). Relationships between serum PBDE levels and thyroid hormone
were also detected in men living close by the Baltic See (Hagmar et al. 2001), and in more
highly exposed employees at an e-waste dismantling site (Yuan et al. 2008). However, other
studies found no significant correlations (Bloom et al. 2008; Julander et al. 2005).

One epidemiological study indicates endocrine disruption by PBDEs. Exposure to PBDEs
via breast milk was associated with congenital cryptorchidism in Danish children (Main et al.
2007).

Neurobehavioral effects of PBDEs. In 2001, effects of a single neonatal (postnatal day; PND
10) dose of BDE-47 or BDE-99 on spontaneous behavior and relearning in a Morris water
maze were described (Eriksson et al. 2001b). Habituation capability (adjusting to a new
environment) was measured as a read-out for learning by dividing activity within 40 - 60 min
by activity within 0 - 20 min from placement in the test cage. The Morris water maze (Morris
1984) was used to investigate spatial learning. In a learning period, mice are placed in the
water to find the hidden platform. After the learning period, the hidden platform is moved to
another location, and the ability of the mice to relearn the new position is assessed. A dose-
related change in locomotion, rearing and total activity was observed in mice exposed to
BDE-47 or BDE-99 both 2 and 4 months after the exposure to a single oral dose. The
habituation capability decreased with age in mice exposed to BDE-47 and BDE-99 compared
to controls. Relearning in the Morris water maze was impaired only at the highest dose of
BDE-99.

This exposure and testing regime (excluding the Morris water maze relearning in most
studies) has been used to investigate the effects of different PBDE congeners. Similar long-
lasting neurobehavioral changes have been detected after a single oral dose administered in
neonatal mice of BDE-153, BDE-183, BDE-203, BDE-206 or BDE-209 (Johansson et al. 2008;
Viberg et al. 2003a, 2003b, 2006).

A study in which BDE-99 was administered at PND 3, 10 or 19 (Eriksson et al. 2002)
revealed that brain development in mice is most sensitive to exposure to PBDEs in the first 2
weeks after birth. In rodents, a rapid growth of the brain as well as synaptogenesis,
myelination and other important processes in brain development occur in this period
(Davison and Dobbing 1968).

Other groups also investigated effects of PBDEs in rodents after neonatal
administration of a single oral dose. Several behavioral endpoints of neurodevelopment were
affected in mice exposed to a single oral dose of BDE-47 (Gee and Moser 2008). A single oral
dose of BDE-99 to pregnant rats at a low dose relevant to the human exposure situation
resulted in hyperactivity in offspring (Kuriyama et al. 2005).

Neurobehavioral effects of PBDEs in rodents were also studied after repeated neonatal
dosing. When exposed to BDE-99 from gestation through lactation, hyperactivity was
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observed in adolescent rats but not in adults (Branchi et al. 2005), while effects on other
behavioral parameters worsened with age (Branchi et al. 2002). By testing mice in behavioral
tasks (pushing a lever for food when visually stimulated), effects on test performance were
observed in aging mice after neonatal exposure to BDE-209, while no effects were observed
in littermates tested at a young age. Mainly increased impulsivity was observed, and this
effect worsened with age (Rice et al. 2009). In one study, rats were exposed chronically to
commercial PentaBDE mixture DE-71 through lactation and food (continued through testing)
to mimic low-level chronic exposure as in humans. No effects were observed on a nose poking
task to receive food upon visual stimulation in adult rats, although attention was impaired
(Driscoll et al. 2009). Impaired attention is consistent with previously reported
hyperactivity/increased locomotor activity in animals postnatally exposed to PBDEs.

PBDE-induced effects on behavior have also been detected in fish. Embryonic exposure
of killifish to DE-71 decreased motor activity, but increased predation and hyperactivity were
also observed (Timme-Laragy et al. 2006).

From these combined studies it can be concluded that PBDEs can disrupt
neurobehavior in rodents when exposed during brain development. Moreover, although
different parameters were investigated, the presence of neurobehavioral effects is not
specific for one testing regime, but occurs at different exposure and test systems.

Recently, it has been described that motor, cognitive and behavioral performance in
6-year old children is correlated with maternal serum levels of PBDEs measured in the 35th
week of pregnancy (Roze et al. 2009).

Additional studies indicated effects of BDE-99 and BDE-209 on the cholinergic
neurotransmitter system as exposed animals had a hypoactive response to nicotine
administration (Johansson et al. 2008; Viberg et al. 2002, 2007). A decrease in numbers of
nicotinic acetylcholine (nACh) receptors was observed in mice exposed to BDE-153 (Viberg et
al. 2003a). When exposed to DE-71 at PND 6 - 12, performance in a food motivated visual
discrimination task was impaired in rats, and sensitivity to muscarinic antagonist scopolamine
suggests effects on cholinergic functioning (Dufault et al. 2005). However, no effects on
muscarinic acetylcholine receptor and nACh receptor binding, cholinesterase activity or
acetylcholine (ACh) concentration were detected in the cerebral cortex of mink after
exposure to DE-71 from gestation through adulthood (Bull et al. 2007).

Reflexes and locating of the platform in the Morris water maze were delayed in rats
exposed from gestation through lactation to BDE-99. In these animals, also increased
oxidative stress was observed in the hippocampus, while this was not observed in cerebellum
and cerebral cortex (Cheng et al. 2009).

In rodents in which neonatal exposure to DE-71 and BDE-209 caused effects on
neurobehavior, also lower serum T, levels were observed (Driscoll et al. 2009; Rice et al.
2007). After dietary exposure of fathead minnows to BDE-47, decreased serum thyroid
hormone levels were observed. Also, transcription of thyroid hormone receptors was altered
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in the brain, while this was not changed in the liver (Lema et al. 2008). As thyroid hormones
are essential for brain development (Horn and Heuer 2009; Leonard 2008), these studies
indicate that the previously observed PBDE-induced hypothyroidism could play a role in the
neurobehavioral effects of PBDEs. Moreover, experimentally induced hypothyroidism has
been shown to result in alterations in the cholinergic neurotransmitter system (Sawin et al.
1998). Therefore, the disruption of normal brain development by PBDE-induced
hypothyroidism may be an underlying mechanism for the observed PBDE-induced alterations
in the cholinergic neurotransmitter system in rodents. But, when exposing mice at PND 10 to
a single oral dose BDE-47, known to result in behavioral effects, no effects were detected on
thyroid hormone levels (Gee et al. 2008). This suggests the involvement of additional
underlying mechanisms in the observed neurobehavioral effects of PBDEs.

Effects of PBDEs on brain function and structure. In mice exposed to BDE-203, BDE-206 or
BDE-209, which resulted in neurobehavioral changes, levels of brain proteins important
during early postnatal brain development were investigated in hippocampus and cortex
(Viberg et al. 2008; Viberg 2009a, 2009b). Levels of Ca2+/calmodulin kinase 1l (CaMKII),
synaptophysin, growth-associated-protein-43 (GAP-43), tau and brain-derived-neurotrophic
factor (BNDF) were investigated. These proteins are critically involved in regulation of
synaptogenesis and synaptic plasticity (Wayman et al. 2008), vesicular neurotransmitter
release (Evans and Cousin 2005), axon formation and growth (Denny 2006), neuronal
morphology (Wang and Liu 2008) and cell migration and synapse formation (Cui 2006),
respectively. Increased levels of CaMKIl and synaptophysin were observed in hippocampus
after exposure to BDE-203 or BDE-206, while no changes were observed for GAP-43, tau or
any of the investigated proteins in cortex. After exposure to BDE-209, CAMKII increased only
in hippocampus. GAP-43 was increased in hippocampus and decreased in cortex. BDNF was
decreased in cortex, but not in hippocampus. Synaptophysin was increased in hippocampus,
but not in cortex. No effects were observed on tau levels.

Using a proteomics approach, changes in striatal proteins associated with
neurodegeneration and neuroplasticity, hippocampal proteins associated with metabolism
and energy production, and cortical proteins involved in cytoskeletal regulation, neuronal
sprouting, and mitochondrial metabolism were detected after exposure to BDE-99 (Alm et al.
2006, 2008).

Developmental exposure (GD 2 - 9) to BDE-99 resulted in increased activity of the
glutamate-nitric oxide-cyclic guanosine monophosphate pathway in rat cerebellum.
Surprisingly, this resulted in slightly enhanced performance in a learning task. The
enhancement of this pathway is probably related to the observed increase in calmodulin
(Llansola et al. 2007, 2009).

These combined studies demonstrated relatively subtle structural and functional
alterations in brains of animals exposed to PBDEs, mainly in the hippocampus. These
alterations in brain structure could be related to the observed neurobehavioral effects.
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In vitro neurotoxicity of PBDEs. In vitro neurotoxic effects of PBDEs involve effects on cell
viability, oxidative stress in neuronal cell types, neurotransmitter homeostasis and ion
channels.

At high concentrations (half maximal inhibitory concentration; 1Cs, = ~50 uM), BDE-99
causes apoptotic cell death in human astrocytoma cells (Madia et al. 2004). Apoptotic cell
death was also induced by DE-71 in primary rat cerebellar granule cells with a lowest
observed-effect concentration (LOEC) of 10 uM, while effects on intracellular Ca®* levels or
formation of reactive oxygen species (ROS) were not observed in this study (Reistad et al.
2006). The cytotoxic effects of DE-71 in primary mouse neurons and astrocytes have been
shown to be modulated by intracellular levels of glutathione, which indicates involvement of
cellular antioxidant defense capacity (Giordano et al. 2008). In the human neuroblastoma cell
line SK-N-SH, apoptotic effects of DE-71 appeared related to intracellular Ca** levels, but
oxidative stress was not observed in this study (Yu et al. 2008). Exposure of herring gull
embryonic neuronal cells to DE-71 decreased cell viability. However, no effects were
observed for the individual congeners BDE-47, BDE-99 or BDE-100. In this study, mRNA levels
of proteins involved in the thyroid hormone system and nACh receptors were also studied,
yet no effects were detected (Crump et al. 2008).

In gill and hepatic rainbow trout cell lines (RTgilll-W1l and RTL-W1), primary rat
hippocampal neurons as well as a human neuroblastoma cell line (SH-SY5Y), BDE-47 induced
formation of ROS (He et al. 2008a, 2008b; Shao et al. 2008a). In addition, oxidative stress has
also been observed in human neutrophilic granulocytes after exposure to DE-71 (Reistad and
Mariussen 2005).

Inhibition of neurotransmitter re-uptake in synaptosomes and neurotransmitter
vesicles has previously been described as a toxic endpoint of PCBs (reviewed in Fonnum and
Mariussen 2009). This effect on neurotransmitter recycling has also been detected for DE-71,
while in contrast, Octa- and DecaBDE mixtures did not have such an effect (Mariussen and
Fonnum 2003).

BDE-99 (50 uM) causes translocation of protein kinase C (PKC) isozymes in human
astrocytoma 132-1N1 cells (Madia et al. 2004). PKC translocation has also been observed for
DE-71, BDE-47, BDE-77, BDE-99, BDE-100 and BDE-153 in primary rat cerebellar granule cells
(Kodavanti and Ward 2005; Kodavanti et al. 2005). Uptake of Ca®* in microsomes and
mitochondria, isolated from rat cortex, cerebellum and hippocampus, was inhibited by DE-71
(Kodavanti and Ward 2005) as well as by BDE-47 and BDE-99 (Coburn et al. 2008). Also,
release of the second messenger arachonic acid (which is involved in synaptic plasticity;
Farooqui et al. 1997) from cerebellar granule cells, probably by activation of phospholipase A,
was detected for DE-71, but not for DE-79 (Kodavanti and Derr-Yellin 2002).

Recently, it was also revealed that BDE-209 dose-dependently decreases voltage-gated
sodium channel currents with a LOEC of 0.1 uM (Xing et al. 2009b).

PBDE-induced cytotoxicity and oxidative stress are not specific for neuronal cells, as
they have also been observed in various other cell types, among others human hepatoma
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HepG2 cells and primary human stem cells (Hu et al. 2007; Shao et al. 2008b). Nonetheless, a
combination of these observed acute effects on neuronal cells could be involved in the
observed neurobehavioral impairments, although the concentrations at which effects of
parent PBDEs are observed are in general not relevant for the human exposure situation, also
because of possible underestimation of intracellular PBDE concentrations (Mundy et al. 2004;
Huang et al. 2009).

1.4 OH-PBDEs: exposure and toxicity

Besides parent PBDE congeners, hydroxylated and methoxylated PBDEs (OH- and MeO-
PBDEs) have also been detected in marine and freshwater fish, sea birds as well as dolphins,
seals and polar bears (Gebbink et al. 2008b; Houde et al. 2009; Kelly et al. 2008; Kierkegaard
et al. 2004; Malmvarn et al. 2005; Marsh et al. 2004; McKinney et al. 2006a; Olsson et al.
2000; Routti et al. 2009; Verreault et al. 2005; Wan et al. 2009).

Toxicokinetics studies revealed the in vivo formation of OH-PBDEs. In in vivo
toxicokinetics studies, OH-PBDEs were detected in liver, lung, plasma, feces and bile after oral
administration of BDE-47 or BDE-99 to rats (Chen et al. 2006; Hakk et al. 2002; Marsh et al.
2006; Orn and Klasson-Wehler 1998). OH-PBDEs have also been observed in plasma after
intraperitonal administration of an equimolar mixture of environmentally relevant PBDEs to
rats (Malmberg et al. 2005).

Intravenous administration of BDE-47, BDE-99, BDE-100 or BDE-153 to mice revealed
that hydroxylated metabolites were formed from all four PBDEs. BDE-99 was observed to be
most readily metabolized by oxidation and oxidation/debromination, while debromination
was not observed for the other PBDEs (Staskal et al. 2006b). In contrast, metabolism of
BDE-153 after oral administration is minimal (Qiu et al. 2007; Sanders et al. 2006b), which is
suggested to be due to the absence of Br-atoms with 2 adjacent unsubstituted C-atoms. In
support of this explanation, the presence of several OH-PBDEs was observed in feces after
oral administration of BDE-154, in which a Br-atom with two unsubstituted adjacent C-atoms
is present (Hakk et al. 2009). After oral administration of BDE-209 to rats, several
methoxylated and acetylated metabolites were detected in bile and feces (Morck et al. 2003).
In addition, hydroxylated octa- and nonaBDEs were also detected in plasma and the liver after
oral or intravenous administration of BDE-209 to rats (Sandholm et al. 2003; Riu et al. 2008).

After subchronic low dose administration of DE-71 through the feed to rats, OH-PBDEs
were identified in feces (Huwe et al. 2007). In mice, OH-PBDEs were observed in plasma after
oral or subcutaneous exposure to DE-71 (Qiu et al. 2007). A study in mink demonstrated the
presence of OH-PBDEs in plasma, liver and feces, after exposure to DE-71 from gestation
through adolescence (Zhang et al. 2008a).

Formation of OH-PBDEs from BDE-47 was also demonstrated using phenobarbital-
induced rat liver microsomes (Hamers et al. 2008). For ecotoxicological risk assessment,
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interspecies differences also have to be taken into account. Using hepatic microsomes from
beluga whale indicated that especially the lower-brominated PBDEs were degradated, while
the formation of an OH-PBDE was only observed for one out of the five investigated PBDEs
(McKinney et al. 2006b).

Recently, the formation of OH-PBDEs was also investigated in human primary
hepatocytes exposed to BDE-99 or BDE-209. These cells metabolized BDE-99 into OH-PBDEs
while in contrast, OH-PBDEs were not detected after exposure to BDE-209 (Stapleton et al.
2009).

Toxicokinetics studies in fish have shown that the formation of OH-PBDEs is limited and
mainly debrominated metabolites are formed (Burreau et al. 2000; Nyholm et al. 2009;
Stapleton et al. 2004b, 2004c). The lack of hydroxylation observed in experimental fish studies
suggests that OH-PBDEs found in wild fish most likely originate from their diet.

Interestingly, OH-PBDEs and MeO-PBDEs are also natural products that have previously
been detected in marine algae, cyanobacteria and sponges (Kelly et al. 2008; Malmvarn et al.
2005, 2008), sometimes in higher concentrations than PBDEs (Covaci et al. 2007a; Teuten et
al. 2005). In view of the occurrence of OH-PBDEs in fish, this might be an additional source of
human exposure.

In Greenland sledge dogs fed with an organohalogen-contaminated diet, a lack of
association was observed between sum (2)PBDE and ZOH-PBDE levels (Verreault et al. 2009).
This observation suggests a small contribution of CYP mediated transformation. This would
confirm a primary accumulation of OH-PBDEs via the diet, if this includes a large proportion of
fish or aquatic top predators (reviewed in Letcher et al. 2009).

Recently, in vitro biotransformation of parent, OH- and MeO-PBDEs in rainbow trout,
chicken and rat microsomes suggested an additional metabolic pathway, i.e., formation of
OH-PBDEs from MeO-PBDEs (Wan et al. 2009). Because of the dietary exposure to
MeO-PBDEs, particularly via intake of fish and fish oil (Covaci et al. 2007b), this could also be
an additional exposure route of humans to OH-PBDEs.

Introduction in and distribution of OH-PBDEs through the environment has been shown to
occur via wastewater and formation in air and sewage treatment plants (Ueno et al. 2008). In
2002, OH-PBDEs were detected in human serum (Hovander et al. 2002). Only very recently,
the accumulation of hydroxylated metabolites was confirmed in humans. Several OH-PBDEs
were detected in children that were highly exposed by living and working on a waste-dump
site in Manague, Nicaragua (Athanasiadou et al. 2008). In Inuit adults, the presence of
OH-PBDEs in plasma was also investigated and confirmed (Dallaire et al. 2009). A very recent
study detected OH-PBDEs in US maternal and fetal serum samples and confirmed the bio-
accumulation of these metabolites (Qiu et al. 2009).

Endocrine studies have revealed that the potency of OH-PBDEs for a number of endpoints is
higher compared to their parent compounds. Aromatase and CYP17 activity in human
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adrenocorticol carcinoma H295R cells were inhibited by OH-PBDEs but not by their parent
PBDEs (Cantén et al. 2005, 2006). In placental microsomes, all investigated OH-PBDEs
inhibited aromatase activity, while none of their methoxylated analogues showed this effect
(Cantdn et al. 2008b). Increased binding of OH-PBDEs to estrogen receptors a and B
compared to parent PBDEs was detected in cells stably transfected with an estrogen-
responsive luciferase reporter gene (Meerts et al. 2001). Agonism on the estrogen receptor
has also been detected of (in vivo generated) hydroxylated metabolites of DE-71 in similar in
vitro test systems (Harju et al. 2007; Kojima et al. 2009; Mercado-Feliciano and Bigsby 2008b).
In addition, antagonistic effects have been observed for several parent, OH- and/or
MeO-PBDEs on the estrogen, progesterone, androgen and glucocorticoid receptors (Hamers
et al. 2006; Harju et al. 2007; Kojima et al. 2009). OH-PBDEs were also shown to alter the
expression of genes involved in steroidogenesis much more strongly than their methoxylated
analogues (Song et al. 2008).

Because of structural resemblance of OH-PBDEs to the thyroid hormone T,4, binding to
thyroid receptors a and B and thyroid hormone transport protein (TTR) has been investigated
and confirmed (Kojima et al. 2009; Hamers et al. 2006; Meerts et al. 2000).

More recently, an additional toxic effect of OH-PBDEs was discovered. In zebrafish
exposed during development, 6-OH-BDE-47 disrupted oxidative phosphorylation, resulting in
developmental delays and defects. This effect was not observed when the zebrafish were
exposed to BDE-47 or its methoxylated analogue (van Boxtel et al. 2008).

1.5 Environmental and human exposure to HBCD

Much like PBDEs, HBCD is dispersed widely throughout the environment (reviewed in Covaci
et al. 2006; Law et al. 2008b). Early studies in Sweden (Remberger et al. 2004) showed that
HBCD was present in all investigated matrices (environmental samples, biota and food),
despite the fact that in Europe HBCD is only produced in the Netherlands (BSEF 2009d). HBCD
has already been detected in the arctic region, suggesting long-range oceanic and/or
atmospheric transport similar to other persistent organic pollutants (de Wit et al. 2006;
Gebbink et al. 2008a; Verreault et al. 2007). Toxicokinetics studies in rodents and fish showed
that HBCD accumulates via the diet and is distributed throughout the body (Brandsma et al.
2009; Haukas et al. 2009b; Law et al. 2006c; Nyholm et al. 2009). It is a lipophilic compound
that is slowly metabolized and therefore accumulates in lipid-rich tissues such as liver, gonads
and adipose tissue (Jandk et al. 2005; Peck et al. 2008; Xian et al. 2008). Like PBDEs, HBCD
bioaccumulates in terrestrial, arctic and aquatic food webs (Jenssen et al. 2007; Letcher et al.
2009; Sgrmo et al. 2006; Tomy et al. 20044a; reviewed in Covaci et al. 2006). Increasing levels
of HBCD have been observed in the last two decades in seabird eggs (Helgason et al. 2009).
After cessation of the use of penta- and octaBDEs in consumer products, a sharp rise in
levels of HBCD in marine mammals that were stranded on the UK coast was observed. This
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increase is probably due to an increased use of HBCD as a replacement of PBDEs, mainly in
polystyrene products (Law et al. 2006b; reviewed in Law et al. 2008b). Since 2005, these
levels have stabilized, possibly due to improved reduction of emission (Law et al. 2008a). This
‘leveling off’ situation has also been observed in marine mammals stranded on the US East
coast (Peck et al. 2008). However, regional and temporal differences have to be kept in mind
as in China and Japan, increasing levels of HBCD in marine mammals have recently been
observed (Lam et al. 2009; Tanabe 2008).

The routes of human exposure to HBCD also resemble those of PBDEs, although
exposure appears to be mainly linked to fish consumption (Thomsen et al. 2008; van Leeuwen
and de Boer 2008). HBCD as well as its metabolite pentabromocyclododecene have been
detected in e.g. chicken eggs for human consumption (Hiebl and Vetter 2007) and indoor air
and dust (Abdallah et al. 2008; Saito et al. 2007; reviewed in Covaci et al. 2006).

A recent exposure study suggests that, in contrast to PBDEs, HBCD levels in human
adipose tissues in the US are lower compared to those in Europe (Johnson-Restrepo et al.
2008). Occupational internal exposure to HBCD, higher compared to the general population,
has been detected in employees at a production site of polystyrene in Norway (Thomsen et al.
2007).

HBCD can also be transferred across the placenta to the fetus (Meijer et al. 2008) and
is present in human breast milk (Eljarrat et al. 2009; Shi et al. 2009). Investigation of temporal
trends revealed a stable situation regarding HBCD levels in Swedish human breast milk
(Fangstrom et al. 2008), although in Japan, levels appear to increase (Kakimoto et al. 2008).

For the risk assessment of HBCD, it should be taken into account that although the
technical mixture predominantly contains y-HBCD, biotic samples generally contain a-HBCD as
a major diastereoisomer (Haukas et al. 2009a; reviewed in Covaci et al. 2006). Evidence exists
for several possible underlying mechanisms. Firstly, a-, B- and y-HBCD have different
solubilities, respectively 48.8, 14.7 and 2.1 ug/| (reviewed in Covaci et al. 2006). Also, isomer
composition changes are expected during heating of the technical mixture (Heeb et al. 2008;
Képpen et al. 2008). Moreover, CYP-mediated biotransformation of - and y-HBCD has been
observed in rat and harbor seal microsomes (Zegers et al. 2005) and rainbow trout (Law et al.
2006c¢), but much less for a-HBCD. Finally, selective uptake of a- and B-HBCD over y-HBCD
was observed in a rainbow trout disposition study (Haukas et al. 2009b). Some or all of these
aspects are involved in the selective bioaccumulation of a-HBCD in an Arctic food web, in
contrast to trophic dilution of y-HBCD (Tomy et al. 2008).
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1.6 Toxicity of HBCD

As for PBDEs, acute toxic effects of HBCD are limited, if not virtually absent (reviewed in
Darnerud 2003).

Effects of HBCD on hepatic gene expression and hepatic enzymes have been observed
in rats (Cantdn et al. 2008a; Germer et al. 2006), fish (Ronisz et al. 2004; Zhang et al. 2008c)
and in rat hepatocytes and hepatoma cell lines (Fery et al. 2009). Alterations in hepatic
enzyme activity and thyroid hormone levels were detected in HBCD-exposed rainbow trout,
showing higher activity of y-HBCD compared to a- and 3-HBCD to affect the thyroid system
(Palace et al. 2008). HBCD-induced developmental toxicity and apoptosis in zebrafish embryos
was shown to be related to oxidative stress (Deng et al. 2009; Hu et al. 2009).

Endocrine effects have also been detected for HBCD in wild birds. Eggshell thinning and
reduced reproduction were observed in wild kestrels (Fernie et al. 2009). In reproductive
studies with rats, decreased testis weight, aromatase induction in ovaries (mainly associated
with y-HBCD) and a decreased number of primordial follicles in ovaries were observed (Ema
et al. 2008; van der Ven et al. 2009). In vitro, agonistic and antagonistic effects by binding to
the estrogen, progesterone and thyroid hormone receptors were detected (Hamers et al.
2006). A subchronic in vivo study in rats revealed effects of HBCD on thyroid gland and thyroid
hormone levels (van der Ven et al. 2006). Because of the importance of thyroid hormones in
the development of the auditory systems, effects of HBCD on auditory function were further
investigated and confirmed in offspring of exposed rats (Lilienthal et al. 2009). After exposure
of rats from gestation through lactation to HBCD, decreased thyroid hormone levels and
changes in thyroid size and histology were observed. Possibly related to the observed
hypothyroidism, a reduction in oligodendrocyte density was observed in the hippocampal CA1
region (Saegusa et al. 2009).

Similar neurobehavioral effects as observed for PBDEs were detected in mice after
neonatal exposure to HBCD. Mice neonatally exposed to HBCD showed hyperactivity and
reduced habituation and, at a higher dose level, impairment of performance in the Morris
water maze (Eriksson et al. 2006b). In offspring of rats exposed to HBCD, the response to the
dopamine receptor blocker haloperidol was also changed, suggesting effects on the
dopaminergic neurotransmitter system (Lilienthal et al. 2009).

In addition, HBCD induced apoptotic cell death in primary rat cerebellar granule cells
(Reistad et al. 2006), but effects on intracellular Ca®* levels or ROS formation were not
observed in this study. At lower concentrations than DE-71, HBCD inhibits re-uptake of
neurotransmitter in synaptosomes and neurotransmitter vesicles (Mariussen and Fonnum
2003).
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1.7 Thesis outline

The abovementioned research clearly indicates a neurotoxic potential of PBDEs and HBCD.
However, (causal) relations between the observed in vivo and in vitro effects have not yet
been resolved. Therefore, the aim of this PhD project was to gain insight in the mechanisms
involved in neurobehavioral effects observed after exposure to PBDEs and HBCD during brain
development (as discussed in §1.3 and §1.6). Firstly, possible effects on synaptic plasticity
after exposure to BDE-47 were investigated ex vivo. Secondly, the main part of this thesis
describes acute presynaptic in vitro effects of these compounds. Toxic endpoints investigated
for PBDEs and HBCDs, as well as applied experimental methodologies, are discussed in
chapter 2.

The first aim of this research was to investigate whether the observed neurobehavioral
effects of BDE-47 would be reflected in changes in neural transmission in a brain region
known to be involved in learning and memory, the hippocampus (see also §2.3). In chapter 3,
the effects of BDE-47 on synaptic plasticity in hippocampal slices are described.

Mice were exposed to BDE-47 via an exposure regiment (a single oral dose of
6.8 mg/kg bw BDE-47 at PND 10) known to result in behavioral effects as described by
Eriksson et al. (2001b). Effects of postnatal exposure to BDE-47 on synaptic plasticity were
investigated ex vivo by measuring N-methyl-p-aspartic acid (NMDA) dependent long-term
potentiation (LTP) of field-excitatory postsynaptic potentials (f-EPSPs) in hippocampal slices
(see also §2.4). LTP is used as a neurophysiological model for learning and memory (see also
§2.3). The timing of exposure and measurements was based on the timeframe of neonatal
rapid brain growth (‘brain growth spurt’) that peaks (in rodents) around PND 10. During the
brain growth spurt, rapid axonal and dendritic growth, glial proliferation and myelination take
place (Davison and Dobbing 1968). Hippocampal slices were prepared for f-EPSP
measurements (see §2.2 - 2.4) at PND 17 - 19, just prior to the end of the brain growth spurt.

Possible effects on a set of selected postsynaptic density (PSD) proteins involved in
hippocampal LTP (see §2.3) were investigated by Western Blotting in hippocampal tissue from
the animals that were also used for the LTP-recordings. The investigated proteins included
PSD scaffolding proteins PSD-95 and SAP97 (a protein involved in a-amino-3-hydroxyl-5-
methyl-4-isoxazole-propionate, AMPA, receptor trafficking), phosphorylated-active and
unphosphorylated aCaMKIl, AMPA receptor subunit GIuR1 and NMDA receptor subunits NR1,
NR2A and NR2B.

Possible presynaptic effects after postnatal exposure to BDE-47 were investigated by
measuring paired-pulse facilitation (PPF; see also §2.3) in hippocampal slices in which LTP was
also measured. Since the main presynaptic neuronal function is release of neurotransmitter
(see also §2.8), basal and depolarization-evoked catecholamine release was measured from
chromaffin cells (see §2.2 and §2.9) isolated from animals exposed to vehicle or 68 mg/kg bw
BDE-47.
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As in other studies presynaptic effects of PBDEs and HBCD were described (see §1.3 and
§1.6), acute presynaptic effects of these BFRs were also investigated in this research. As
proper neurotransmission critically depends on strict regulation of Ca”* homeostasis and
neurotransmitter release (see also §2.6 and §2.8), acute effects of PBDEs and HBCD on
intracellular Ca®* concentration ([Ca’']) and closely associated vesicular neurotransmitter
release were investigated in PC12 cells and neurospheres of neural progenitor cells
(chapters 3 - 8). In all studies, possible confounding due to cytotoxicity was investigated by
measuring cell viability (see §2.5). [Caz+]i was measured using the Ca’"-sensitive fluorescent
dye Fura-2 (see §2.7). Release of catecholaminergic neurotransmitter was measured using
amperometry (see §2.9).

Endocrine studies investigating interactions with hormone receptor systems (mainly estrogen
and thyroid hormone receptors) revealed a higher potency of OH-PBDEs compared to parent
and methoxylated PBDEs (Cantdn et al. 2005, 2006, 2008b; Harju et al. 2007; Kojima et al.
2009; Meerts et al. 2001; Mercado-Feliciano and Bigsby 2008b; Song et al. 2008). Another,
recently discovered toxic effect is disruption of oxidative phosphorylation that is only induced
by 6-OH-BDE-47 but not by parent congener BDE-47 or the methoxylated analogue (van
Boxtel et al. 2008). To investigate whether hydroxylated metabolites play a role in
neurotoxicity of PBDEs, the effects of parent BDE-47 and a major hydroxylated metabolite
(6-OH-BDE-47) were compared (chapter 4).

To investigate whether the observed higher activity of OH-PBDEs could be predicted by
its structure, the effects on basal [Ca®']; were investigated for a set of mono-hydroxylated
metabolites of BDE-47 with variations in hydroxylation and bromination pattern (chapter 5).

Voltage-gated Ca®* channels (VGCCs) are important for maintaining Ca’* homeostasis
and neuronal signaling (Garcia et al. 2006). Therefore, the effects of the hydroxylated
metabolites on depolarization-evoked [Caz+]i increase were also further investigated
(chapter 6).

Behavioral studies have revealed that exposure to PBDEs has to occur during brain
development to induce behavioral neurotoxicity (Eriksson et al. 2002). Effects of PCBs and
PBDEs on proliferation, differentiation and migration have previously been investigated in
human neural progenitor cells, showing effects primarily on migration and differentiation of
the progenitor cells in neuron-, astrocyte- and oligodendrocyte-like cells (Fritsche et al. 2005;
Schreiber et al. 2009). To investigate whether (transient) effects on [Ca*]; could play a role in
the observed effects on neurodevelopment, acute effects of BDE-47 and 6-OH-BDE-47 on
[Ca®*]; were investigated in these cells (chapter 7).

Since the phasing out of commercial PBDE products, HBCD has been suggested as a
possible replacement BFR for a number of common applications, although this has not been
confirmed by involved industry. Possible effects of the commercial HBCD mixture and
individual HBCD diastereoisomers on [Ca’']; were investigated (chapter 8).
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General introduction

In the general discussion (chapter 9), the observed effects described in chapters 3 - 8
are placed into context with proposed mechanisms of action, relevant human exposure and
toxicity data from other researchers. A risk assessment of possible neurotoxicity in humans
induced by (OH-)PBDEs and HBCD is also included. Additional issues concerning sensitive
subgroups, data gaps and recommendations for future investigations are discussed in
chapter 10. The conclusions from this PhD-research are summarized in chapter 11.
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2.1 PBDEs and HBCD

The individual polybrominated diphenyl ethers (PBDEs), their metabolites, commercial
hexabromocyclododecane (HBCD) and HBCD diastereoisomers used in this research project
(Table 2.1) were synthesized as described by Marsh et al. (1999) and Fang (2007) and purified
(to approximately 99%) at the Department of Environmental Chemistry of Stockholm
University. It has to be taken into account that (commercial mixtures of) PBDEs also contain
trace amounts of polybrominated dibenzofurans and dibenzo-p-dioxins (Hanari et al. 2006),
that cause aryl hydrocarbon (Ah) receptor-mediated toxicity (reviewed in Birnbaum et al.
2003). Therefore, potentially present polybrominated dibenzofurans or polybrominated
dibenzo-p-dioxins were removed from the PBDEs by elution through a charcoal column (Orn
et al. 1996).

Stock solutions of PBDEs and HBCDs were made in dimethylsulfoxide (DMSO) and
stored cold and protected from light, because these compounds are subject to photolysis
(Kajiwara et al. 2008; Soderstrom et al. 2004).

Table 2.1. Brominated flame retardants investigated in this research.

BDE-47 2,2’ 4,4 -tetrabromodiphenyl ether
BDE-49 2,2’,4,5-tetrabromodiphenyl ether
parent PBDEs BDE-99 2,2',4,4 5-pentabromodiphenyl ether
BDE-100 2,2’,4,4’ 6-pentabromodiphenyl ether
BDE-153 2,2',4,4 5 5-hexabromodiphenyl ether
6-MeO-BDE-47 6-methoxy-2,2’,4,4’-tetrabromodiphenyl ether
6-OH-BDE-47 6-hydroxy-2,2’,4,4’-tetrabromodiphenyl ether
trluy;;\oc;(f?;fedé 6-OH-BDE-49 6-hydroxy-2,2’,4,5-tetrabromodiphenyl ether
PBD¥ES 5-OH-BDE-47 5-hydroxy-2,2’,4,4’-tetrabromodiphenyl ether
3-OH-BDE-47 3-hydroxy-2,2’,4,4’-tetrabromodiphenyl ether
4’-OH-BDE-49 4’-hydroxy-2,2’,4,5’-tetrabromodiphenyl ether
HBCD (commercial 1,2,5,6,9,10-hexabromocyclododecane
product)
HBCDs a-HBCD
B-HBCD diastereoisomers
y-HBCD

2.2 Ex vivo and in vitro test systems used in this research
Hippocampal slices (for more details: chapter 3). The hippocampal brain region has since

long (from early clinical observations) been known to be involved in learning and memory
(reviewed in Blundon and Zakharenko 2008). Also, the hippocampus is involved in spatial

23




Toxic endpoints and applied methodologies

learning (reviewed in Lynch 2004). As behavioral effects were observed after exposure to
PBDEs, particularly on spontaneous motor activity and habituation to a new environment
(Eriksson et al. 2001b), hippocampus was considered to be a probable target region. Also,
synaptic plasticity in the form of N-methyl-p-aspartic acid (NMDA)-dependent long-term
potentiation (LTP) is commonly measured in hippocampal slices (although LTP occurs in most
brain regions).

Mouse hippocampal slices were processed as described previously by van der Heide et
al. (2005) with minor modifications. After inhalation anesthesia (isoflurane), mice were
quickly decapitated and the brain rapidly dissected on ice. Transverse hippocampal slices
(450 um) were cut in ice-cold carbogenated artificial cerebrospinal fluid (ACSF) using a
vibrotome. From one animal, approximately 6 slices could be processed. After cutting, the
slices were incubated at room temperature in carbogenated ACSF to stabilize for at least
1.5h.

Primary chromdffin cells (for more details: chapter 3). To investigate possible effects on
vesicular neurotransmitter release after exposure to BDE-47, adrenal chromaffin cells were
isolated as described previously by Westerink et al. (2006). Briefly, chromaffin cells were
isolated by digesting mouse adrenal glands using digestive enzymes.

Rat pheochromocytoma (PC12) cells (for more details: chapter 4). To investigate effects on
intracellular calcium concentration ([Ca’'];) and neurotransmitter release on a single-vesicle
level, the rat pheochromocytoma (PC12) cell line was used. This cell line was isolated from a
rat adrenal pheochromocytoma (Greene and Tischler 1976). Especially after differentiation
with dexamethasone (Schubert et al. 1980), PC12 cells excrete considerable amounts of
catecholaminergic neurotransmitter, which can be detected by amperometry (Westerink and
Vijverberg 2002). Although PC12 cells are chromaffin-derived cells, the balance of processes
involved in regulation of Ca** homeostasis in undifferentiated PC12 cells resembles more that
of sympathetic neurons (Duman et al. 2008). Therefore, (undifferentiated) PC12 cells can be
used as an in vitro model to study neurotoxicity (Westerink and Ewing 2008).

Neural human progenitor cells (for more details: chapter 7). Rodent studies revealed that
effects of PBDEs on behavior are induced during a defined period of brain development
(Eriksson et al. 2002). This indicates that acute effects of PBDEs during brain development can
cause persistent alterations in the brain. To reduce the amount of animals to be used in
developmental neurotoxicity testing, an in vitro model for neurodevelopment has been
developed in the Institut fir umweltmedizinische Forschung (IUF) of the Heinrich-Heine-
Universitat Dusseldorf (Fritsche et al. 2005). Primary human neural progenitor cells are
cultured in the form of neurospheres. Upon withdrawal of growth factors, the cells
differentiate and migrate.
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Effects of PBDEs on cell proliferation, differentiation and migration have been
investigated in this system (Schreiber et al. 2009). In collaboration with the IUF, we have
investigated whether effects on [Ca2+]i could be involved in the observed effects of PBDEs.

2.3 Synaptic plasticity in hippocampal CA1 region

The stimulation protocol used for LTP-induction in this research is known to induce NMDA-
dependent LTP, first recognized by Bliss and Lgmo (1973). NMDA-dependent LTP, which
involves both pre- and postsynaptic processes, is used as an neurophysiological model for
learning and memory (reviewed in Blundon and Zakharenko 2008; Lynch 2004). This form of
LTP is induced by tetanic stimulation, resulting in strong depolarization and a large increase in
[Ca®™); (reviewed in Malenka and Nicoll 1999; Soderling and Derkach 2000). In the
postsynaptic density (PSD) protein scaffolding complex, a-amino-3-hydroxyl-5-methyl-4-
isoxazole-propionate (AMPA) and NMDA glutamate receptors are located, as well as
modulators of synaptic transmission. Modulators are mainly kinases, but also scaffolding
proteins such as PSD-95 have been shown to interact with NMDA receptors (Gardoni et al.
2006b). NMDA receptors are usually blocked by Mg2+, which is removed by strong
postsynaptic depolarization, after which these ion channels become permeable to Na’* and
Ca”. This activation of NMDA receptors initiates LTP, while expression and maintenance of
LTP are mediated primarily by AMPA receptors and Ca’*/calmodulin kinase Il (CaMKII) activity
(reviewed in Soderling and Derkach 2000). After activation by binding of Ca”" and calmodulin,
CaMKIl is autophosphorylated, even after Ca®* levels have returned to basal.
Autophosphorylated CaMKII potentiates the postsynaptic current by phosphorylation of the
AMPA GluR1 subunit (reviewed in Soderling and Derkach 2000). Activated kinase activity also
results in long-lasting recruitment of additional AMPA receptor to the postsynaptic
membrane (reviewed in Lynch 2004).

Paired-pulse facilitation (PPF) is a short-term form of synaptic plasticity, mainly driven
by presynaptic accumulation of Ca’* (reviewed in Blundon and Zakharenko 2008). PPF has
been measured in this research to identify possible effects on presynaptic processes involved
in LTP.

2.4 f-EPSP-recordings in hippocampal slices to measure LTP and PPF
(for more details: chapter 3)
A field-excitatory postsynaptic potential (f-EPSP) is the combined electrical postsynaptic

depolarization response upon stimulation measured from a population (‘field’) of neurons in
close vicinity of the measuring electrode (Purves et al. 1997).

25



Toxic endpoints and applied methodologies

f-EPSPs were measured in the CA1 region in hippocampal slices as described previously (van
der Heide et al. 2005) with minor modifications. Hippocampal slices were placed in a
recording chamber at 30°C, where they were superfused with carbogenated ACSF. The
afferent fibers of the stratum radiatum of the hippocampal CA1 region were stimulated by a
bipolar stainless steel electrode (diameter: 0.1 mm). f~-EPSPs were recorded with ACSF-filled
glass microelectrodes connected to an Axoclamp-2B amplifier. Half-maximum f-EPSPs were
evoked every 30 s for investigation of LTP, which was evoked after a baseline recording by a
single tetanic stimulation. The slope of f-EPSPs during the post-tetanic potentiation (caused
by presynaptic Ca’* accumulation) and after stabilization of LTP were analyzed as a measure
for synaptic plasticity. PPF in f~EPSPs evoked with a short interval was determined by dividing
the slope of the second evoked f-EPSP with the slope of the first.

2.5 Cell viability tests (for more details: chapters 4, 5 and 8)

Effects on cell viability were investigated in the used in vitro systems, to investigate possible
confounding on the observed effects of brominated flame retardants (BFRs) by cytotoxicity.
Cell viability has been assessed by measuring cell density, and by using 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) and a combination of Alamar Blue (AB) and
Neutral Red (NR) assays.

Cell density was determined merely by measuring the proportion of the surface of the
cell culture dish occupied by living PC12 cells (identified by trypan blue exclusion) after
exposure to BFRs.

The MTT assay is based on the conversion of MTT to the blue-colored formazan
(Denizot and Lang 1986). After exposure to BFRs in multi-wells plates, cells were incubated
with MTT, after which the formazan was extracted by lysing the cells. The concentration of
formazan formed, recorded photospectrometrically, is a measure for the amount of cells.

Also, a combination of AB and NR uptake assays was used (Magnani and Bettini 2000;
Repetto et al. 2008). After exposure to BFRs in multi-wells plates, cells were incubated with
AB. When processed by mitochondria, AB becomes fluorescent. The fluorescence was
recorded as a measure of cell viability. Subsequently, the cells were incubated in NR, after
which the NR was extracted. The concentration of NR, which is taken up passively in
lysosomes, was also used as a measure of cell viability.

Because effects on mitochondria were detected for hydroxylated PBDEs, assays based
on mitochondrial activity, such as MTT and AB assays, are less useful for detecting effects on
cell viability. Therefore, passive assays such as determination of cell density of NR uptake are
preferable.
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2.6 Ca** homeostasis

Ca’* has been shown to be involved in various cellular (muscle contraction, fertilization, cell
motility, cell adhesion, action potential propagation, exocytosis and cell death) as well as
subcellular processes (mitochondrial function, protein translocation, gene transcription).
Maintenance of Ca’* homeostasis by buffering, compartmentalization and extrusion
mechanisms is essential for cell viability, as high concentrations of Ca”" are associated with
oxidative stress and could even precipitate with phosphates (reviewed in Clapham 2007).
Compartmentalization involves mainly sarcoendoplasmic reticular Ca’*/ATPases (SERCA
pumps) but also the mitochondrial Ca®* uniporter. Extrusion occurs mainly via high-affinity,
low-capacity plasma membrane Ca**/ATPases (PMCA pumps) and low-affinity, high-capacity
Na*/Ca®* exchangers (NCXs; Duman et al. 2008). Release of Ca** from endoplasmic reticulum
induces replenishing mechanisms: store-operated ca”™ entry (Parekh and Putney 2005).

In neuronal cells, Ca®* is also the major trigger of vesicular neurotransmitter release
through activation of the exocytotic release machinery (Barclay et al. 2005). When neuronal
communication is required, rapid increases in Ca*" are achieved by the opening of voltage-
gated Ca’* channels (VGCCs) by depolarization of the presynaptic membrane. Ca” influx
through ligand-gated ion channels also regulates [Caz+]i (Burnashev  1998).
Compartmentalization in endoplasmic reticulum (ER) and mitochondria shapes the ca™
increase and consequently the exocytotic response (reviewed in Garcia et al. 2006). Subtypes
of VGCCs with differences in activation, inactivation, voltage range and conductance are
present in different tissues (reviewed in Garcia et al. 2006). In PC12 cells, L-, N- and P/Q-type
VGCCs are mainly contributing to the depolarization-evoked influx of ca™, although the
presence of R- and T-type VGCCs has also been demonstrated (Del Toro et al. 2003; Greene
and Tischler 1976; Liu et al. 1996; Shafer and Atchison 1991).

2.7 Intracellular Ca** imaging with Fura-2 (for more details: chapter 3 and 7)

Average free cytosolic Ca™ levels were determined by measuring Ca2+—dependent
fluorescence of the high-affinity Ca2+-responsive fluorescent dye Fura-2 (Grynkiewicz et al.
1985; Molecular Probes, Invitrogen).

Because of the presence of its acetoxymethyl (AM) ester-group, Fura-2-AM is
membrane permeable. Cells could therefore be loaded non-invasively with Fura-2-AM by
incubation at room temperature in saline containing Fura-2-AM. Subsequently, the Fura-2-AM
medium was removed from the cells because Fura-2-AM is fluorescent, but not sensitive to
Ca”™. Incubation in saline allowed de-esterification of Fura-2-AM by endogenous enzymes,
releasing the Ca’*-sensitive Fura-2 into the cytosol.

It should be taken into account that, as Fura-2 binds Ca2+, it is an additional Ca>* buffer
which may influence the [Ca’']. When using Fura-2-AM for Ca®* imaging, translocation to
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intracellular compartments could also occur (fluorescence can still be measured but is not
sensitive to cytosolic free Ca’*). Also, Fura-2 could bind to cellular proteins (reviewed in
Takahashi et al. 1999).

A suitable region of cells was selected by using an inverted microscope. Fluorescence
was evoked by 340 and 380 nm excitation wavelengths (Faso and Fsg) using a polychromator
and collected at 510 nm with a digital camera. Because of the spectral shift upon binding of
Ca2+, fluorescence evoked by Fs4 is positively associated with free [Ca2+]i, while fluorescence
evoked by Fig, is negatively associated with free [Ca2+]i. After subtraction of background
fluorescence, the F340/F3g ratio (R) was calculated as the qualitative measure for intracellular
ca” levels. A major advantage of these ratiometric measurements is a relative independence
of parameters involving amounts of Fura-2; Fura-2 loading, cell volume (thickness),
photobleaching and Fura-2 leakage.

From the experimental [Ca2+]i data, different parameters were investigated. Firstly,
average and amplitude of [Ca’*]; within the entire experiment duration were investigated.
When transient processes were observed, amplitudes were determined within defined
exposure durations. Moreover, to investigate more subtle effects on ca* homeostasis,
fluctuations in [Ca”"]; were analyzed. Fluctuations were defined as periods in which [Ca®]; was
higher than a defined threshold. Frequencies of fluctuating cells and fluctuation frequency per
cell were investigated, as well as the fluctuation amplitude and duration.

When Ca’* increases were observed, the involvement of Ca”* sources was determined
by exposing the cells in Ca’*-free medium (to identify the contribution of influx of
extracellular Ca™"). To identify involvement of intracellular Ca” sources, cells were exposed in
Ca**-free medium after pre-exposure to thapsigargin (TG) and/or carbonyl cyanide
4-(trifluoromethoxy)-phenylhydrazone (FCCP; to identify involvement of endoplasmic and
mitochondrial Ca** stores). Involvement of specific VGCCs in the inhibition of depolarization-
evoked [Ca’']; increase was investigated by selective pharmacological blocking using
nifedipine (L-type VGCCs), w-conotoxin GVIA (N-type VGCCs), and w-conotoxin MVIIC (P/Q-
type VGCCs).

The sensitivity of Fura-2 for Ca” decreases non-linearly with increasing [Ca™. It is
therefore important, especially when investigating [Ca™); at the top range of Fura-2 sensitivity
(during influx of ca”™ through VGCCs by depolarization), to correct for this non-linear
sensitivity of Fura-2 by using Grynkiewicz’s equation to calculate [Ca®*]; (Deitmer and Schild
2000; Grynkiewicz et al. 1985):

[Caz+]i = Kd*x (R - Rmin) / (Rmax - R)
In this equation, Ky« is the dissociation constant of Fura-2 determined for the experimental
set-up. Minimum and maximum ratios (Rni» and R..,) are determined by adding ionomycin

(5 uM) and ethylenediaminetetraacetic acid (EDTA; 17 mM), respectively, to the cells at the
end of experiments.
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2.8 Vesicular neurotransmitter release

Secretory vesicles from chromaffin and PC12 cells are large dense-core vesicles (LDCVs),
which are also present in other neuroendocrine cells and sympathetic neurons (Winkler
1993). PC12 cells also accumulate acetylcholine (ACh) in vesicles which are morphologically
and biochemically similar to small synaptic vesicles which can be found throughout the brain
(Schubert and Klier 1977). In LDCVs, a pH gradient, maintained by a specific H*-ATPase, is used
by the vesicular monoamine transporter (VMAT) to accumulate catecholamines (Masson et al.
1999). These vesicles contain catecholamines, as well as adenosine triphosphate (ATP),
ascorbate and a dense matrix formed by peptides and chromogranins (reviewed in Machado
et al. 2009). Vesicular Ca** accumulation occurs mainly via a SERCA-type Ca’*-ATPase, but also
via the H'/Ca** antiport (Santodomingo et al. 2008). In this study, vesicular neurotransmitter
release was measured by using amperometry, meaning that only vesicular release of the
oxidizable neurotransmitters from LDCVs is measured.

Neurotransmitter-loaded vesicles are docked to plasma membrane release sites, after
which they are prepared (‘primed’) for fusion with the plasma membrane (reviewed in
Becherer and Rettig 2006). The increased presence of Ca” is translated to the exocytotic
release machinery by binding to the Ca”* sensor protein synaptotagmin (reviewed in Chapman
2008; Xu et al. 2007). The binding of Ca” induces the interaction of synaptotagmins with the
phospholipids in the cell membrane and the exocytotic release machinery, which is required
for fusion.

The exocytotic release machinery is composed of soluble N-ethylmaleimide-sensitive
factor (NSF) attachment protein receptors (SNARE) proteins, combined with regulatory
proteins (Stidhof 2008). SNARE proteins are membrane proteins present on opposing
membranes that may fuse; the vesicular and cell plasma membranes. Formation of a complex
of SNARE proteins on opposing membranes connects vesicles with the cell membrane
(Hanson et al. 1997). The very rapid exocytotic response to increases in Ca”* is mediated by
complexin proteins. In the absence of ca™, complexin proteins bind to the SNARE protein
complex, thereby creating an activated but stationary state. When Ca’* levels increase, Ca**-
activated synaptotagmins couple phospholipids with the SNARE proteins and displace the
complexin ‘lock’, thereby rapidly forming and opening the fusion pore (reviewed in Chapman
2008; Sudhof 2008). After fusion, vesicles are retrieved into the cell membrane by
endocytosis, after which they can be reloaded with neurotransmitters (Royle and Lagnado
2003).
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2.9 Detection of catecholamines by amperometry
(for more details: chapter 3 and 7)

Basal and depolarization-evoked catecholamine release was measured using carbon fiber
microelectrode amperometry from isolated chromaffin cells and dexamethasone-
differentiated PC12 cells as described previously (Westerink et al. 2000).

Amperometric recordings were performed with KCl-filled carbon fiber microelectrodes
at room temperature under continuous superfusion. The carbon fiber (at 700 mV) was placed
gently on the cell surface. Released catecholamine molecules are rapidly oxidized on the
surface of the carbon fiber. The electrons liberated from the catecholamine molecules by
oxidation (2 electrons per catecholamine molecule) form the measurable current, which was
measured and amplified using an EPC-7 patch clamp amplifier. The association of exocytosis
and vesicular neurotransmitter release was previously demonstrated by simultaneous
capacitance and amperometry measurements (Albillos et al. 1997).

Because of the large heterogeneity in catecholamine release frequencies (reviewed in
Westerink and Ewing 2008), cells were selected for inclusion in data-analysis based on basal
and depolarization-evoked release frequencies prior to the experimental exposure to BFRs.
Hence, non-responsive or extraordinary cells with high basal release frequency, low
depolarization-evoked release frequency or poor recovery to basal frequency after
depolarization were excluded from data-analysis.

Amperometric traces were used to investigate effects of BFRs on basal and
depolarization-evoked catecholamine release frequencies, as well as on vesicular release
parameters of the amperometric release events. Effects of BFRs on amplitude, t;, (half-
width) and time integral (Q, used to calculate vesicular content according to Faraday’s Law)
were investigated to reveal possible effects on the exocytotic process.
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Flame retardant reduces synaptic plasticity

Abstract

Background: Increasing environmental levels of brominated flame retardants raise concern
about possible adverse effects, particularly through early developmental exposure.

Objective: The objective of this research was to investigate neurodevelopmental mechanisms
underlying previously observed behavioral impairments observed after neonatal exposure to
polybrominated diphenyl ethers (PBDEs).

Methods: C57BI/6 mice received a single oral dose of 2,2°,4,4'-tetrabromodiphenyl
ether (BDE-47) on postnatal day (PND) 10 (i.e., during the brain growth spurt). On
PND 17 - 19, effects on synaptic plasticity, levels of postsynaptic proteins involved in long-
term potentiation (LTP), and vesicular release mechanisms were studied ex vivo. We
investigated possible acute in vitro effects of BDE-47 on vesicular catecholamine release and
intracellular Ca** in rat pheochromocytoma (PC12) cells.

Results: Field-excitatory postsynaptic potential (f-EPSP) recordings in the hippocampal
CA1 area demonstrated reduced LTP after exposure to 6.8 mg (14 umol)/kg body weight (bw)
BDE-47, whereas paired-pulse facilitation was not affected. Western blotting of proteins in
the postsynaptic, triton-insoluble fraction of hippocampal tissue revealed a reduction of
glutamate receptor subunits NR2B and GluR1 and autophosphorylated-active Ca**/calmodulin
dependent protein kinase Il (aCaMKIl), whereas other proteins tested appeared unaffected.
Amperometric recordings in chromaffin cells from mice exposed to 68 mg (140 umol)/kg bw
BDE-47 did not reveal changes in catecholamine release parameters. Modest effects on
vesicular release and intracellular Ca®* in PC12 cells were seen following acute exposure to
20 uM BDE-47. The combined results suggest a postsynaptic mechanism in vivo.

Conclusion: Early neonatal exposure to a single high dose of BDE-47 causes a reduction
of LTP together with changes in postsynaptic proteins involved in synaptic plasticity in the
mouse hippocampus.
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Introduction

Fetal and neonatal exposure to neurotoxicants have adverse effects on neurodevelopment.
Early (small) effects of xenobiotics on the brain could aggravate these effects during
development, creating a critical window for neurotoxicity. However, the underlying
mechanisms are not well understood (Szpir 2006). Recently, a range of behavioral and
neurochemical effects have been described for polychlorinated biphenyls (PCBs; reviewed in
Fonnum et al. 2006; Mariussen and Fonnum 2006). Nowadays, the increasing concentrations
of the structurally related polybrominated diphenyl ethers (PBDEs) in the environment,
human food chain, and human tissues (Hites 2004) raise concern about possible neurotoxic
effects. In most samples, 2,2°,4,4'-tetrabromodiphenyl ether (BDE-47) is the predominant
congener. PBDEs are used as flame retardants in a range of products, including electronic
equipment, furniture, construction materials, and textiles.

Of concern is that children, at the age of early brain development, accumulate BDE-47
more rapidly than adults because of their diet (breast-feeding/relatively large intake) and
behavior (contact with house-dust; Jones-Otazu et al. 2005). Distribution studies show that
developing mice reach higher tissue concentrations of BDE-47 compared with adult mice after
identical dosing regimens (Staskal et al. 2006a). Behavioral studies have demonstrated
adverse neurodevelopmental effects on learning and memory after neonatal BDE-47
exposure. Habituation capability in mice, studied by scoring spontaneous behavior after
placement in a new environment, is reduced and this effect is long-lasting and increases with
age (Eriksson et al. 2001b).

Recently, a proteomics approach was used to investigate the effect of a single oral dose
of 12 mg (21.2 umol)/kg body weight (bw) 2,2°,4,4°,5-pentabromodiphenyl ether (BDE-99) on
brain protein levels in mice, 24 hr after exposure. Levels of striatal proteins associated with
neurodegeneration and neuroplasticity and of hippocampal proteins associated with
metabolism and energy production were found to be changed (Alm et al. 2006). It is unclear
whether such changes occur after exposure to other congeners, and whether these protein
changes have functional consequences.

The main objective of our study was to gain insight in the mechanisms underlying the
observed effects of BDE-47 on learning and memory (Eriksson et al. 2001b). To this purpose
we have investigated N-methyl-p-aspartate (NMDA)-dependent long-term potentiation (LTP)
in hippocampal slices from animals exposed to a dose of BDE-47 known to induce behavioral
aberrations. NMDA-dependent LTP has been used as an electrophysiologic substrate for
learning and memories for many years. This form of LTP is induced by tetanic stimulation,
strong depolarization, and a large increase in intracellular Ca”* level (reviewed in Lynch 2004;
Malenka and Nicoll 1999; Soderling and Derkach 2000). Paired pulse facilitation (PPF), a form
of short-lasting plasticity that presumably reflects presynaptic function (Xu-Friedman and
Regehr 2004), was investigated to reveal possible presynaptic effects of BDE-47. In additional
ex vivo experiments, we investigated protein expression levels in the postsynaptic density
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(PSD) and catecholamine release from chromaffin cells to further reveal underlying
mechanisms. Acute effects of BDE-47 on intracellular Ca** and catecholamine release of PC12
cells have been studied in vitro to assess the involvement of transient acute effects on
potential presynaptic targets. Our findings provide a functional basis for previously observed
neurobehavioral changes (Eriksson et al. 2001b).

Materials and methods

Animals and chemicals. Male C57BI/6 mice pups (litters culled to 5 pups each) with mother
(Harlan, Horst, the Netherlands) were housed in a standard animal facility on a 12-hr
light/dark cycle with food and water ad libitum. Animals were treated humanely and with
regard for alleviation of suffering. All experimental procedures were performed according to
Dutch law and approved by the Ethical Committee for Animal Experimentation of Utrecht
University. Male C57BI/6 mice received a single oral dose of vehicle [1:10 (wt/wt) mixture of
egg lecithin (Sigma-Aldrich, Zwijndrecht, the Netherlands) and peanut oil (Oleum arachidis;
Sigma-Aldrich), sonicated with water to obtain a 20% (wt/wt) fat:water emulsion] or 6.8 mg
(14 umol)/kg bw BDE-47 via a metal gastric tube on postnatal day (PND) 10 for field-excitatory
postsynaptic potential (f-EPSP) recordings and brain protein analysis, or 68 mg (140
umol)/kg bw BDE-47 for amperometric recordings of chromaffin cells (to investigate
presynaptic effects) at PND 17 - 19. Experimental groups consisted of mice from different
nests. BDE-47 was synthesized and purified (~99%) at the Wallenberg laboratory of
Stockholm University. For oral dosing, BDE-47 was dissolved in the egg lecithin/peanut oil
mixture and sonicated with water to obtain a 20% (wt/wt) fat:water emulsion.

Hippocampal slice preparation. On PND 17 - 19 (directly after brain growth spurt), the
animals were killed by decapitation after inhalation anesthesia (isoflurane), and the brain was
rapidly dissected on ice. Hippocampal slices were prepared as described previously (van der
Heide et al. 2005). Briefly, transverse hippocampal slices (450 um) were cut in ice-cold
carbogenated Mg”*-enriched artificial cerebrospinal fluid (ACSF) [containing NaCl (124 mM),
KCl (3.3 mM), KH,PO, (1.2 mM), MgS0O, (2.6 mM), CaCl, (2.5 mM), NaHCO; (20 mM), and
glucose (10 mM)] using a Leica VT1000 S vibrotome (Leica Microsystems, Wetzlar, Germany).
The slices were allowed to stabilize at room temperature in carbogenated ACSF (MgS0O,: 1.3
mM) for at least 1.5 hr.

Extracellular recording of field potentials. We recorded f-EPSPs in the CA1l region of
hippocampal slices as previously described by van der Heide et al. (2005), with minor
modifications. Slices were superfused with carbogenated ACSF (~2 mL/min) in a recording
chamber at 30°C. A bipolar stainless steel stimulation electrode (@ 0.1 mm) was placed on the
afferent fibers of the stratum radiatum of the hippocampal CA1 region, as shown in a Nissl-
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stained hippocampal slice in Figure 3.1A. f-EPSPs were recorded with ACSF-filled glass
microelectrodes using an Axoclamp-2B amplifier (Axon Instruments, Foster City, CA, USA).
Data were digitized and stored using “Spike2” software (Cambridge Electronic Design,
Cambridge, UK). Stimulation intensities for threshold and maximum f-EPSPs were determined.
Slices with a maximum response amplitude of >1 mV were included in the experiment.
During baseline recording, half-maximum f-EPSPs were evoked every 30s. After 15 min
baseline recording, LTP was induced with a single tetanic stimulation (100 Hz, 1 sec) and
f-EPSPs were recorded for another 30 min. PPF, with interstimulus intervals of 50, 100, 200,
500, and 1000 ms, was recorded under identical conditions as for LTP. For data analysis, we
determined initial slopes of the f-EPSPs (Figure 3.1B). For quantification of LTP, the slope was
normalized against the average f-EPSP slope during baseline. Average relative increase of the
slope was determined 20 - 30 min after tetanic stimulation as a measure for LTP and
0 - 7.5 min after tetanic stimulation as a measure for posttetanic potentiation (PTP) in the
individual animals. To determine PPF, paired-pulse ratio (PPR) was determined by dividing the
slope of the second average f-EPSP by the slope of the first average f-EPSP (n = 10).

Figure 3.1. f-EPSP recordings in the CAl region of hippocampal slices. A. Placement of bipolar
stimulation electrode and ACSF-filled microelectrode in CA1 region in a Nissl-stained hippocampal slice;

bar = 200 um. B. Representative f-EPSP recording. For data analysis, the initial slope is determined
between dots.

Western blotting analysis. We performed Western blotting analysis as described previously
by Gardoni et al. (2006a), with minor modifications. The triton-insoluble fraction (TIF) was
purified from blind samples of single cortices and hippocampi of control (n =4) and BDE-47-
exposed animals (6.8 mg (14 umol)/kg bw; n =4) using a previously validated biochemical
fractionating method (Gardoni et al. 2006a), in the presence of protease inhibitors
(CompleteTM; Roche Diagnostics, Basel, Switzerland) and phosphatase inhibitors (Sigma,
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St. Louis, MO, USA). Similar protein yield was obtained in TIF purified from cortex (~200 ug)
and hippocampi (~50 pg) of both groups. Protein composition of this preparation was tested
for the absence of presynaptic marker synaptophysin (Gardoni et al. 2001) and enrichment in
the PSD proteins (Gardoni et al. 2006a). Samples (3 ug) were applied to SDS-PAGE and
electroblotted. For each TIF preparation three independent western blotting experiments
were run. After blocking nonspecific protein interactions with 10% albumin in Tris-buffered
saline (TBS), the nitrocellulose papers were incubated for 2 hr at room temperature with the
primary antibodies: NR1 (1:1000; Pharmingen, San Diego, CA, USA), NR2A (1:1000; Zymed,
San Francisco, CA, USA), NR2B (1:1000; Zymed), GIuR1 (1:1500; Chemicon, Temecula, CA,
USA), PSD-95 (1:2000; Affinity BioReagents, Golden, CO, USA), SAP97 (1:1000; StressGen, San
Diego, CA, USA), Ca2+/ca|modu|in-dependent protein kinase Il (aCaMKIl; 1:3000; Chemicon),
and p286-aCaMKIl (1:1000; Promega, San Luis Obispo, CA, USA) in 3% albumin in TBS. After
extensive rinsing in TBS/0.1% Tween 20, the nitrocellulose papers were incubated with
horseradish peroxidase-conjugated secondary antibodies. Finally, the antigen-antibody
complex was revealed by enhanced chemiluminescence (ECL; Amersham Biosciences, Little
Chalfont, UK). Quantification was performed by means of a Quantity-One computer-assisted
imaging system (Bio-Rad, Hercules, CA, USA).

Intracellular Ca®* imaging. We investigated acute effects of BDE-47 in vitro in PC12 cells.
PC12 cells were subcultured in poly-L-lysine-coated glass-bottom cell culture dishes (MatTek,
Ashland MA, USA) at 37°C, 5% CO, as described previously (Westerink et al. 2000). We used
the high-affinity Ca2+-responsive fluorescent dye Fura-2-AM (Molecular Probes; Invitrogen,
Breda, the Netherlands) to measure the intracellular Ca®* concentration. PC12 cells were
incubated with Fura-2-AM (5 uM, 20 min at room temperature) in saline containing CaCl,
(1.8 mM), glucose (24 mM), Hepes (10 mM), KCI (5.5 mM), MgCl, (0.8 mM), NaCl (125 mM),
and sucrose (36.5 mM) at pH 7.3 (adjusted with NaOH). After incubation, the cells were
washed with saline and left at room temperature for 15 min to allow intracellular
de-esterification of Fura-2-AM. After de-esterification, the cells were placed on the stage of
an Axiovert 35M inverted microscope (Zeiss, Gottingen, Germany) equipped with a TILL
Photonics Polychrome IV (TILL Photonics GmBH, Gréfelfing, Germany). Fluorescence evoked
by 340 and 380 nm excitation wavelengths (Fs40 and Fsg) was collected at 510 nm with an
Image SensiCam digital camera (TILL Photonics GmBH). The digital camera and polychromator
were controlled by imaging software (TILLvisION, version 4.01), which was also used for data
collection and processing. The Fa40/Fsgo ratio, which is a qualitative measure for intracellular
Ca” concentration, was measured every 20 s during baseline. After 5 min baseline recording,
BDE-47 was bath-applied to obtain final concentrations of 2 and 20 uM, and ratios were
collected every 6 s. Maximum and minimum ratios were determined after 25 min recording
by addition of ionomycin (5 uM) and EDTA (17 mM) as a control for experimental conditions.
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Amperometry. We measured spontaneous and K'-evoked catecholamine release using
carbon fiber microelectrode amperometry from isolated chromaffin cells and PC12 cells as
described previously (Westerink and Vijverberg 2002). Chromaffin cells from mice exposed to
vehicle or 68 mg (140 pmol)/kg bw BDE-47 were isolated and cultured as described previously
(Westerink et al. 2006). PC12 cells were superfused with BDE-47 for 15 min to investigate
acute effects on vesicular catecholamine release. Recordings were performed at room
temperature. PC12 cells with high basal release (> 5 events/min) or low evoked release
(< 16 events/min) were excluded for data analysis (3/25 cells).

Statistical analysis. All data are presented as mean + SE. PC12 data were compared using
Student’s paired t-test. We first compared the LTP data using a two-way analysis of variance
(ANOVA) with post hoc Bonferroni testing (Sigmastat software; Systat Software Inc, Erkrath,
Germany), followed by additional unpaired t-tests to specify the effects on PTP and LTP. We
used unpaired Students’ t-test for all other data.

Results

Pups exposed to BDE-47 did not differ in body weight and relative thymus weight compared
with their unexposed littermates (data not shown), indicating the absence of general toxicity,
treatment-dependent food competition, extensive immune suppression, and stress.
Additionally, visual inspection of the brain slices of exposed pups did not show any changes of
general hippocampus morphology (data not shown).

Figure 3.2 shows the results from f-EPSP recordings in the CA1l region of mouse
hippocampus for control and BDE-47-exposed groups. No differences in stimulus-response
relation were seen. No effects were observed on half-maximum f-EPSP slopes before LTP
induction (control: 682 + 138 V/sec; BDE-47 exposed animals: 679 + 92 V/sec).

After tetanic stimulation, an immediate large increase of the f-EPSP is apparent,
although the increase is significantly lower in the BDE-47-exposed group than in the control
group. The increase of the f-EPSP during the first 7.5 min post-tetanus is classified as PTP. In
the BDE-47-exposed mice, there was significantly less PTP (135 + 9%) than in the control mice
(190 + 17%; p < 0.01; Figure 3.2). After PTP the f-EPSP size decreases but stabilizes at a higher
level than baseline. This level of LTP is maintained for at least 30 min. In the BDE-47-exposed
mice, LTP was significantly lower (130 = 7%) than in the control group (165 + 16%; p < 0.05).
The significance of these findings was confirmed by two-way ANOVA with post hoc Bonferroni
testing. The trace inset illustrates the enhancement of f-EPSPs after tetanic stimulation. The
cumulative probability curve of LTP in the individual experiments (Figure 3.2) indicates a shift
to lower LTP values in the BDE-47 group.
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Figure 3.2. Exposure to 6.8 mg (14 umol)/kg bw BDE-47 reduces PTP (0 - 7.5 min after tetanus at t = 0)
and LTP (20 - 30 min) in hippocampal neurons in BDE-47-exposed mice (n = 8) compared with control
mice (n = 5). The upper left inset shows superimposed traces illustrating the enhancement of the f-EPSP
by LTP induction. The bar diagram insets in the dashed frames show averages of data. The upper right
inset shows the cumulative probability (cum. prob.) curve of LTP in the individual experiments.

*p < 0.05; **p <0.01.

Figure 3.3 shows the effect of BDE-47 on PPF at different interstimulus intervals. For
the 50-msec interstimulus interval, the PPR was 1.98 + 0.11% in the control group and
1.87 £0.15% in the BDE-47 group. For the 1000-msec interstimulus interval, the PPR was
decreased to 1.16 + 0.03% in the control group and 1.08 + 0.03% in the BDE-47 group. Insets
show representative recordings of PPF. No effects of BDE-47 on PPR were detected.
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Figure 3.3. Exposure to 6.8 mg (14 umol)/kg bw BDE-47 has no effects on PPF; PPR was calculated from
paired pulses (interstimulus interval 50 - 1000 msec) in control (n=12) and BDE-47-exposed (n =12)
mice. Inset shows representative f-EPSP traces of paired pulses.
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Because activation of NMDA receptors is required for LTP, the reduction of LTP in
BDE-47-treated mice could reflect an alteration of NMDA receptor-associated signaling
elements. Because the NMDA receptor complex is enriched in the PSD, we used Western blot
analysis to measure protein levels of NMDA receptor subunits and other PSD-associated
signaling proteins in total homogenate and TIF, representing the PSD compartment by
Western blot analysis (Gardoni et al. 2001). Protein composition of this preparation was
carefully tested for the absence of presynaptic markers and enrichment in PSD proteins
(Figure 3.4A; Gardoni et al. 2001). Representative Western blots for all investigated proteins
in hippocampal homogenate and TIF are also shown in Figure 3.4B. BDE-47 had no effects on
protein levels in cortical homogenate and TIF (data not shown) and hippocampal homogenate
(Figure 3.4C). Figure 3.4C shows amounts of the proteins in TIF of the hippocampus of
BDE-47-exposed mice compared with control mice. Significant changes in protein levels of
NMDA receptor subunits NR1 and NR2A, and NMDA receptor interacting proteins PSD-95 and
SAP97 were not detected. However, protein levels of NMDA receptor subunit NR2B (75 + 2%)
and a-amino-5-hydroxy-3-methyl-4-isoxazole propionic acid (AMPA) receptor subunit GluR1
(71 + 4%) were significantly reduced (p < 0.01). There was a significant decrease in the
autophosphorylated-active form of aCaMKIl (p286-aCaMKIl) to 65 + 8% of control level
(p <0.05), although total aCaMKII was not changed.
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Figure 3.4. Effects of 6.8 mg (14 umol)/kg bw BDE-47 on levels of postsynaptic proteins in the
hippocampus of control (Ctrl; n = 4) and BDE-47-exposed (n = 4) mice. A. Western blotting for PSD-95,
NR2B, aCaMKIl, and synaptophysin in homogenate (Hom.) and TIF from hippocampus. B. Representative
Western blots of the investigated postsynaptic proteins in hippocampal homogenate (Hom.) and TIF.
C. Relative amount of postsynaptic proteins in hippocampal TIF (representing the PSD). *p < 0.05.
**p <0.01.

In the experiments described above, postsynaptic effects of BDE-47 are observed,
whereas presynaptic functional effects are not detected. However, possible effects on
presynaptic mechanisms might remain undetected at a dose of 6.8 mg (14 umol)/kg bw
BDE-47. To ascertain the apparent absence of presynaptic effects of BDE-47, we investigated
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effects on catecholamine release in chromaffin cells obtained from mice exposed to vehicle or
to a higher dose [68 mg (140 umol)/kg bw] of BDE-47. No changes were detected in the
different parameters of vesicular catecholamine release; that is, basal and high-K* evoked
release frequency and vesicular release parameters like quantal size (vesicle content), spike
amplitude, and 50 - 90% rise time (data not shown).

Additional in vitro experiments were performed in PC12 cells to investigate acute
effects of BDE-47 exposure on calcium homeostasis and release mechanisms. Figure 3.5A
shows the average F340/Fsgo ratio in PC12 cells during bath application of DMSO, 2 uM BDE-47,
and 20 uM BDE-47 normalized to baseline (first 5 min). The higher concentration of BDE-47
induced an increase in normalized Fs40/Fsgo ratio (t = 12 - 24 min, p < 0.01). To investigate
whether the increase in intracellular Ca”* has functional consequences, vesicular
catecholamine release was also investigated (Figure 3.5B). The average number of
amperometrically recorded events of vesicular release amounted to 1.9 + 0.7 events/min
(n =9) in control experiments. During superfusion with 20 uM BDE-47, the release frequency
was enhanced to 6.0 = 1.7 events/min (n = 6; p < 0.05), whereas superfusion with 2 pM
BDE-47 caused no detectable effect (1.2 * 0.5 events/min; n = 7). BDE-47 had no effect on
release evoked by high-K* depolarization of the cells. Differences in vesicular release
parameters could not be detected (data not shown).
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Figure 3.5. Acute effects of BDE-47 on Ca® and vesicular catecholamine release in PC12 cells.
A. Intracellular free Ca** (normalized F340/F3g0) in cells exposed to DMSO (n = 79), 2 uM BDE-47 (n = 32),
or 20 uM BDE-47 (n = 27); base level (t = 2 - 4 min) and effect (t = 12 - 14 min) differed significantly for
20 uM BDE-47. B. Cumulative (Cum) average number of amperometrically recorded vesicles from PC12
cells exposed to DMSO (n=9), 2 uM BDE-47 (n = 7), or 20 uM BDE-47 (n = 6). C. Representative
amperometric traces of PC12 cells exposed to DMSO (control) or 20 uM BDE-47.
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Discussion

A broad spectrum of neurotoxicants (e.g., environmental pollutants such as metals,
pesticides, and PCBs) has been shown to cause a reduction of habituation after neonatal
exposure (Eriksson et al. 1990, 1991; Eriksson and Fredriksson 1991; Fredriksson et al. 1992).
However, from the behavioral effects it is difficult to deduce information about underlying
mechanisms.

In the present study, we found that neonatal exposure to BDE-47 causes
developmental effects consisting of a reduction of PTP and LTP, as well as specific reductions
of key postsynaptic proteins involved in glutamate receptor signaling. Presynaptic parameters
were not affected ex vivo. In vitro experiments on PC12 cells show an increase in intracellular
Ca”" and spontaneous vesicular release, only at the highest concentration BDE-47 (20 pM).
The combined results suggest that presynaptic changes do not directly contribute to the
observed defect in synaptic plasticity.

The exposure to BDE-47 took place during a period of rapid brain growth, which in
mice takes place during the first 3 - 4 weeks of life, reaching its peak around PND 10 (Davison
and Dobbing 1968). The multitude and complexity of processes during this rapid development
makes the developing brain particularly vulnerable to the effects of xenobiotics, like the
adverse effect of BDE-47 on spontaneous behavior and habituation (Eriksson et al. 2001b).
Interestingly, exposure to BDE-47 does not affect performance in the Morris water maze test
(Eriksson et al. 2001b), commonly used as a learning task to detect effects in the
hippocampus. This suggests that habituation is a more sensitive parameter for BDE-47 effects
in the hippocampus.

We observed a specific reduction of key proteins in the PSD (i.e., GIluR1, NR2B, and
p286-aCaMKIl). Because no changes were observed in total hippocampus homogenate, the
specific decrease in the PSD is therefore attributed to changes in glutamate receptor subunit
trafficking or clustering in the PSD instead of a reduced protein translation.

A study in GluR1-knockout mice showed that approximately 10% of the normal amount
of GIuR1 is sufficient for LTP (Mack et al. 2001). Also, a GluR1-independent form of LTP has
been observed in juvenile GluR1-knockout mice (Jensen et al. 2003). Therefore, major effects
on LTP as a consequence of the observed reduction of AMPA subunit GIuR1 by approximately
30% are not expected.

The observed reduction of NR2B subunits results in an increased NR2A/NR2B ratio. The
majority of NMDA receptors consist of 2 NR1 and 2 NR2A or 2 NR2B subunits. NR2A-NMDA
receptors gate smaller Ca®™ currents, have a lower affinity for glutamate, and desensitize
faster than NR2B-NMDA receptors (Kutsuwada et al. 1992). Therefore, an increased
NR2A/NR2B ratio is likely to result in a higher threshold for LTP induction, which could explain
the reduction of PTP and LTP.

In mice exposed to BDE-47, the autophosphorylated-active form of aCaMKIl was
significantly reduced. Because CamKIl autophosphorylation is essential for hippocampal
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NMDA-dependent LTP (Giese et al. 1998), this specific effect may lead to reduced synaptic
plasticity resulting in behavioral impairments.

To ascertain the absence of presynaptic effects, we investigated neurotransmitter
release from chromaffin cells from BDE-47-exposed [68 mg (140 umol)/kg bw] mice. Because
PPR and chromaffin neurotransmitter release remained unchanged after developmental
exposure to BDE-47, and because modest acute effects on free intracellular Ca®* and
spontaneous vesicular catecholamine release in PC12 cells were only detected at a
concentration of 20 uM BDE-47, we propose that presynaptic changes do not contribute
considerably to the observed functional defect in synaptic plasticity. Based on tissue
distribution data for 1 mg/kg bw “*C-BDE-47 orally given to C57BI/6 mice on PND 10 (Staskal
et al. 2006a), brain concentration at sacrifice after exposure to 6.8 mg (14 umol)/kg bw
BDE-47 is estimated to be 0.43 - 0.81 uM and the peak brain concentration, reached 8 hr after
exposure, is estimated to be 1.1 uM. These estimated concentrations are at least one order of
magnitude lower than the lowest effective concentration in the in vitro experiments
described here.

As with PCBs (reviewed in Fonnum et al. 2006), in vitro exposure to the commercial
penta-BDE mixture DE-71, which contains (on a weight basis) 31.8% BDE-47 (Reistad and
Mariussen 2005), affects several other transmitter systems. Previous studies reported cell
death of cerebellar granule cells, alterations of Ca** homeostasis in human neutrophils and
brain microsomes, and arachidonic acid release and protein kinase C translocation in
cerebellar granule cells; inhibition of dopamine reuptake in rat brain synaptic vesicles has
been reported after in vitro exposure to DE-71 in the micromolar range (2 - 20 uM; Kodavanti
and Ward 2005; Mariussen and Fonnum 2003; Reistad et al. 2002; Reistad and Mariussen
2005). Interestingly, addition of the NMDA receptor antagonist MK801 protects cerebellar
granule cells against DE-71-induced cell death (Reistad et al. 2006). No other effects of PBDEs
on glutamate receptors have yet been published.

Pure (~99%) BDE-47, which has been used in only a few experiments, has revealed
formation of reactive oxygen species in human neutrophils and increased 3H-phorbol ester
binding in primary rat cerebellar granule neurons, also at micromolar concentrations
(Kodavanti et al. 2005; Reistad and Mariussen 2005). The effects of BDE-47 in PC12 cells
reported here occur at concentrations in the same order of magnitude.

Effects on spontaneous motor activity and habituation in mice have been described for
several lower and higher brominated diphenyl ethers after a single oral dose of maximally
21 umol/kg bw (Branchi et al. 2002, 2003; Eriksson et al. 2001b, 2002; Viberg et al. 2003a,
2003b, 2006). In rats, effects on behavior have been observed after maternal exposure to
10 mg (18 pmol)/kg bw BDE-99 at gestational days 10 - 18 and after oral exposure to
30 mg/kg bw DE-71 at PND 6 - 12 (Dufault et al. 2005; Lilienthal et al. 2006).

In the 1990s, an association between delayed human neurodevelopment and prenatal
or early exposure to PCBs was reported by cohort studies. These results were corroborated by
experiments demonstrating the developmental neurotoxicity of PCBs. The observed
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interaction with the thyroid hormone system is usually considered part of the underlying
mechanism (reviewed in Winneke et al. 2002). For hazard characterization of PCBs and the
structurally related PBDEs, it is relevant to investigate whether they induce similar effects
through similar mechanisms. This is of particular importance because, in neonatal mice, the
effects of a combined dose of PCB-52 and BDE-99 on spontaneous motor behavior and
habituation capability appear to be additive or perhaps even synergistic (Eriksson et al.
2006a).

High human serum concentrations of BDE-47 were measured in female inhabitants of
California by Petreas et al. (2003); the concentration of BDE-47 in serum ranged from 5 to
510 ng/g lipid weight, with a median of 16.5 ng/g lipid weight. High concentrations
(> 100 ng/g lipid weight) have also been reported in Californian children (Fisher et al. 2006).
The highest and median values correspond (using average physiologic values) to blood
concentrations of approximately 11.5 nM and approximately 0.37 nM. Using the tissue
distribution data for 1 mg/kg bw Y“C-BDE-47 (Staskal et al. 2006a), the dose used in the
current study corresponds to an estimated blood concentration of approximately 2.6 uM
after 3 hr and to approximately 0.6 uM after 10 days (i.e., ~50 - 200 times higher than in the
worst, and ~1600 - 7,000 times higher than in the median human situation described above).
For risk assessment, the difference between the animal dose level causing an adverse effect
and the highest human dose levels is relatively small, considering safety factors for species
extrapolation and intraspecies variability. Additional uncertainty comes from the fact that
humans are exposed to multiple flame retardants over a lifetime. Accumulation of BDE-47, as
demonstrated in primary rat cerebellar granule neurons and primary rat neocortical cells
(Kodavanti et al. 2005; Mundy et al. 2004), is another reason for concern about the
neurotoxic potential of PBDEs.

No tolerable daily intake is assigned to PBDEs because sufficient data are not available.
However, the limited toxicity data suggest that adverse effects induced by exposure to the
more toxic congeners in rodents occur at doses of at least 100 pg/kg bw per day [Joint
FAO/WHO Expert Committee on Food Additives (JECFA) 2005]. The combination of
quantitative molecular data with functional neurophysiologic effects reported here provides
strong functional support for the previously reported neurobehavioral effects (Eriksson et al.
2001b) and is essential for characterization of the neurotoxic hazard of brominated flame
retardants, particularly for rational risk assessment, which is required in response to the
general concern about the vulnerability of the developing brain.
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Hydroxylation increases the neurotoxic potential of BDE-47

Abstract

Background: Oxidative metabolism, resulting in the formation of hydroxylated
polybrominated diphenyl ether (PBDE) metabolites, may enhance the neurotoxic potential of
brominated flame retardants.

Objective: Our objective was to investigate the effects of a hydroxylated metabolite of
2,2°,4,4’-tetrabromodiphenyl ether (BDE-47; 6-OH-BDE-47) on changes in the intracellular
Ca”* concentration ([Ca2+]i) and vesicular catecholamine release in PC12 cells.

Methods: We measured vesicular catecholamine release and [Ca”*]; using amperometry and
imaging of the fluorescent Ca”*-sensitive dye Fura-2, respectively.

Results: Acute exposure of PC12 cells to 6-OH-BDE-47 (5 uM) induced vesicular
catecholamine release. Catecholamine release coincided with a transient increase in [Caz+]i,
which was observed shortly after the onset of exposure to 6-OH-BDE-47 (1 - 20 uM). An
additional late increase in [Ca2+]i was often observed at > 1 uM 6-OH-BDE-47. The initial
transient increase was absent in cells exposed to the parent compound BDE-47, whereas the
late increase was observed only at 20 uM. Using the mitochondrial uncoupler carbonyl
cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP) and thapsigargin to empty intracellular
Ca’* stores, we found that the initial increase originates from emptying of the endoplasmic
reticulum and consequent influx of extracellular Ca”™, whereas the late increase originates
primarily from mitochondria.

Conclusion: The hydroxylated metabolite 6-OH-BDE-47 is more potent in disturbing
Ca”* homeostasis and neurotransmitter release than the parent compound BDE-47. The
present findings indicate that bioactivation by oxidative metabolism adds considerably to the
neurotoxic potential of PBDEs. Additionally, based on the observed mechanism of action, a
cumulative neurotoxic effect of PBDEs and ortho-substituted polychlorinated biphenyls on
[Ca®"]; cannot be ruled out.
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Introduction

Increasing concentrations of brominated flame retardants, in particular polybrominated
diphenyl ethers (PBDEs), in the environment, human food chain, and human tissues raise
concern about possible neurotoxic effects. High concentrations of PBDEs and the structurally
related polychlorinated biphenyls (PCBs) increase intracellular Ca” concentrations ([Ca’"]) in
cultured neuronal cells, likely through mobilizing Ca” from intracellular stores (reviewed in
Mariussen and Fonnum 2006).

Such a xenobiotic-induced increase in [CaB]i is of particular concern because this
increase, in addition to being essential for multiple physiologic and pathologic processes, is
the trigger for vesicular release of neurotransmitters (exocytosis). This correlation between
increased [Ca’]; and the occurrence of exocytosis has been widely studied in neurons
(reviewed in Barclay et al. 2005) and neuroendocrine cells, including rat pheochromocytoma
PC12 cells (reviewed in Garcia et al. 2006).

Evidence of oxidative metabolism of PBDEs is accumulating, but the neurotoxic
potential of hydroxylated PBDE metabolites and their ability to affect Ca”* homeostasis is still
unknown. In most biotic samples, 2,2°,4,4"-tetrabromodiphenyl ether (BDE-47) is the
predominant PBDE congener (Hites 2004). Neonatal exposure to this PBDE congener induces
neurobehavioral changes (Eriksson et al. 2001b) and reduces long-term potentiation (LTP) in
mouse hippocampal slices (Dingemans et al. 2007). Analysis of brain tissue from BDE-47-
exposed mice revealed that alterations in the composition of postsynaptic density proteins
and kinase activity might play a role in the reduction of synaptic plasticity (Dingemans et al.
2007).

The doses of BDE-47 resulting in impaired learning and memory and reduced LTP
measured in hippocampal slices were estimated (using a distribution study; Staskal et al.
2006a) to result in peak brain concentrations of approximately 1 UM, whereas acute toxic
effects of BDE-47 were seen in vitro only at concentrations ranging from 3 to 20 uM (Coburn
et al. 2008; Dingemans et al. 2007).

The results of in vitro endocrine studies (focusing mostly on 6-hydroxy-2,2°,4,4'-
tetrabromodiphenyl ether; 6-OH-BDE-47) on interactions with the estrogen and thyroid
hormone receptor systems indicate that hydroxylated metabolites of PBDEs are more potent
than the parent compounds (Cantdn et al. 2005, 2006; Harju et al. 2007; Meerts et al. 2001).

The conversion of PBDEs to hydroxylated metabolites was confirmed by recent
toxicokinetics studies (Huwe et al. 2007; Malmberg et al. 2005; Marsh et al. 2005; Staskal et
al. 2006b). Additionally, marine sponges can produce ortho-OH-PBDEs (Hakk and Letcher
2003). Hydroxylated metabolites have been detected in blood from wildlife and humans
(reviewed in Hakk and Letcher 2003). Therefore, we investigated the effects of 6-OH-BDE-47,
a hydroxylated metabolite of the environmentally relevant PBDE congener BDE-47, on Ca®*
homeostasis and vesicular catecholamine release in PC12 cells to compare its neurotoxic
potential with that of the parent compound.
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Methods

Chemicals. BDE-47 and 6-OH-BDE-47 were synthesized and purified (~99% purity) at the
Wallenberg Laboratory of Stockholm University as described by Marsh et al. (1999). Dibenzo-
p-dioxins and dibenzofurans were removed from the PBDEs with a charcoal column as
described by Orn et al. (1996). All other chemicals, unless otherwise stated, were obtained
from Sigma-Aldrich (Zwijndrecht, the Netherlands).

Cell culture. Rat pheochromocytoma (PC12) cells (Greene and Tischler 1976) obtained from
the ATCC (American Type Culture Collection, Manassas, VA, USA) were cultured for up to 15
passages in RPMI 1640 medium (Invitrogen, Breda, the Netherlands) supplemented with 5%
fetal calf serum and 10% horse serum (ICN Biomedicals, Zoetermeer, the Netherlands). For
ca™* imaging experiments, we subcultured undifferentiated PC12 cells in poly-L-lysine-coated
glass-bottom dishes (MatTek, Ashland, MA, USA) as described previously (Dingemans et al.
2007). For amperometric recordings, the cells were differentiated for 3 - 5 days with 5 uM
dexamethasone to enhance exocytosis, as described previously by Westerink and Vijverberg
(2002).

Cell viability assay. We used cell density as an indicator of cell viability. After 20 min of
exposure to dimethylsulfoxide (DMSO) or 20 uM 6-OH-BDE-47, cells were cultured in fresh
cell culture medium for another 24 hr. After replacing the culture medium, which washes
away most dead, detached cells, and trypan blue inclusion, which stains the remaining dead
cells, we determined the proportion of the surface of the cell culture dish occupied by living
PC12 cells in triplicate for three dishes per experimental condition.

Amperometry. Amperometric recordings of K'-evoked and spontaneous vesicular
catecholamine release from dexamethasone-differentiated PC12 cells using carbon fiber
microelectrodes were made as described previously (Dingemans et al. 2007; Westerink and
Vijverberg 2002). Following 1 min of baseline recording, we superfused PC12 cells for 15 sec
with high K'-containing saline (K* increased to 125 mM and Na® lowered to 5.5 mM) to
determine their responsiveness. Cells were allowed to recover for 2 min before a 15-min
exposure to BDE-47 or 6-OH-BDE-47 to investigate acute effects on vesicular catecholamine
release. Recordings were performed at room temperature. To ensure exclusion of
nonresponsive or extraordinary cells, we determined basal release frequency for 22 cells.
Cells that showed a basal release frequency larger than the average + 2 standard deviations
were considered to have an extraordinary high release frequency. Based on these findings,
we excluded cells with a basal release frequency >5/min. Similarly, cells with an evoked
release frequency < 16/min were excluded. We used the resulting 20 cells for further data
analysis.
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Intracellular Ca** imaging. We measured changes in [Ca’']; using the Ca’*-responsive
fluorescent ratio dye Fura-2 as described previously (Dingemans et al. 2007). Briefly, cells
were loaded with 5puM Fura-2-AM (Molecular Probes; Invitrogen) in external saline
(containing 1.8 MM CaCl,, 24 mM glucose, 10 MM HEPES, 5.5 mM KCl, 0.8 mM MgCl,,
125 mM NaCl, and 36.5 mM sucrose, adjusted to pH 7.3 with NaOH) for 20 min at room
temperature; this was followed by 15 min de-esterification in external saline. The cells were
then placed on the stage of an Axiovert 35M inverted microscope (Zeiss, Gottingen, Germany)
equipped with a TILL Photonics Polychrome IV (TILL Photonics GmBH, Grafelfing, Germany).
Fluorescence evoked by 340 and 380 nm excitation wavelengths (Fs4 and Fsg0) was recorded
every 12 sec at 510 nm with an Image SensiCam digital camera (TILL Photonics GmBH). The
digital camera and polychromator were controlled by imaging software (TILLvisION, version
4.01), which was also used for data collection and processing. We further analyzed changes in
the F340/F3go ratio, reflecting changes in [Ca2+]i, using custom-made Excel macros (Microsoft
Corp., Redmond, WA, USA). After 5 min baseline recording, cells were exposed to 0.2 - 20 uM
BDE-47 or 6-OH-BDE-47. Maximum and minimum ratios were determined after 25 min
recording (20 min exposure) by addition of ionomycin (5 uM) and ethylenediamine tetraacetic
acid (EDTA; 17 mM) as a control for experimental conditions. Where applicable, cells were
washed with Ca**-free external saline (containing 10 uM EDTA to remove residual extra-
cellular Ca2+) just before the imaging experiments. In specific experiments, intracellular ca™
stores were emptied by incubation with 1 uM thapsigargin (TG) and 1 uM carbonyl cyanide
4-(trifluoromethoxy)phenylhydrazone (FCCP) in Ca**-free external saline for 10 min. FCCP
depolarizes the mitochondrial membranes, resulting in the uncoupling of oxidative
phosphorylation and subsequent Ca”* release from mitochondria (Taylor et al. 2000). TG is a
high-affinity inhibitor of sarcoplasmic/endoplasmic reticulum (ER) Ca>* ATPase (SERCA). These
compounds are commonly used under experimental conditions to empty intracellular ca”
stores (Toyoshima and Inesi 2004). To further distinguish between direct effects on ER and
Ca” influx pathways, we used dantrolene as an inhibitor of Ca** release from the ER.

Data analysis and statistics. To determine effects on [Ca2+]i, we used the normalized F340/F3s0
ratio. Any change in the normalized ratios to > 1.1 was considered an increase and was used
for further data analysis. We refer to a transient increase in [Ca™: reaching its peak value
(amplitude) between 0 and 4.5 min after application as an initial increase. We consider an
additional increase after cessation of the initial transient increase to be a late increase. In a
number of experiments (4/33), the initial fast transient was absent, and instead, a slower
transient increase was observed. Because it is unclear whether this was a delayed initial
transient increase or a transient form of the late increase, we excluded these experiments
from further analysis. All data are presented as mean + SE from the number of cells indicated.
Statistical analyses were performed using SPSS 12.0.1 (SPSS, Chicago, IL, USA). Categorical
data were compared using Fisher’s exact and chi-square tests. We compared continuous data
using Student’s t-test, paired or unpaired where applicable. Analysis of variance (ANOVA) and
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post hoc t-tests (corrected for multiple comparisons) were performed to investigate possible
dose-response relationships. A p-value < 0.05 was considered statistically significant.

Results

6-OH-BDE-47 increases catecholamine release in PC12 cells. Exposure of PC12 cells to a high
concentration (20 uM) of the brominated flame retardant BDE-47 was previously shown to
induce vesicular catecholamine release, coinciding with a gradual increase in [Ca“]i
(Dingemans et al. 2007). To investigate whether oxidative metabolism changes the ability of
PBDEs to affect vesicular catecholamine release, we measured the effects of 6-OH-BDE-47, a
hydroxylated metabolite of BDE-47. Although cytotoxicity has been reported after subchronic
exposure (24 hr) to 2.5 uM 6-OH-BDE-47 (Cantdn et al. 2005), 20 min of exposure to 20 uM
6-OH-BDE-47 did not have any effects on cell viability determined 24 hr later, suggesting the
absence of acute cell toxicity (data not shown).
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Figure 4.1. Catecholamine release in PC12 cells exposed to DMSO (n =9) or 5 uM 6-OH-BDE-47 (n = 11)
shown as the cumulative average number of released vesicles (A). Results clearly demonstrate that
6-OH-BDE-47 induced exocytosis. B. Representative amperometric traces recorded from cells exposed to
DMSO or 5 uM 6-OH-BDE-47.
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To investigate whether exposure to 6-OH-BDE-47 has functional consequences for
neuronal communication, we measured vesicular catecholamine release (Figure 4.1). First,
cells were challenged for 15sec with high K'-containing saline to determine their
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responsiveness. Responsive cells displayed depolarization-evoked release (at least 16 released
vesicles/min), after which the release frequency returned to baseline values. During the first
2.5 min of a subsequent exposure to 5 uM 6-OH-BDE-47 (n =9), the release frequency was
enhanced from 1.0 + 0.3 to 13 + 5.3 events/min (p < 0.05). This enhancement did not occur in
cells exposed to DMSO only (from 1.8 £ 0.5 to 1.7 + 0.7 events/min, not significant; n = 11).
After the burst of exocytotic activity, the release frequency in 6-OH-BDE-47-exposed cells
declined to a value not significantly different from basal release.

6-OH-BDE-47 causes a biphasic increase in [Ca’’]; in PC12 cells. To investigate whether the
observed changes in neurotransmitter release are caused by a disruption of calcium
homeostasis, we measured the effects of 6-OH-BDE-47 on the [Ca2+]i. Exposure of PC12 cells
to 6-OH-BDE-47 (= 1 uM) resulted in a dose-dependent increase in [Caz+]i in PC12 cells
(Figures 4.2 and 4.3), whereas exposure to similar concentrations of the parent compound
had no effects on [Ca’"]; (Figure 4.2; Dingemans et al. 2007). The parent compound BDE-47
caused a gradual increase of [Ca®']; only at 20 uM (data not shown; Dingemans et al. 2007),
whereas exposure to 1 uM of the hydroxylated metabolite resulted in an initial transient
increase in [Ca2+]i (Figures 4.2 and 4.3). At concentrations = 1 uM, 6-OH-BDE-47 also caused
an additional late increase in [Caz+]i (Figures 4.2 and 4.3). The relative occurrences
(percentages of cells showing an effect) of initial transient and late increases in [ca™:
increased with increasing concentrations of 6-OH-BDE-47 (Figure 4.3). Exposure to vehicle or
0.1 or 0.2 uM 6-OH-BDE-47 had no significant effect on [Ca**]; (Figure 4.3).

Exposure to 20 uM 6-OH-BDE-47 caused a large initial transient increase in [Ca®"]; (1.7 £
0.1), and an even larger late increase (3.2 + 0.4) compared to the normalized baseline. At this
high concentration, nonspecific effects are likely to occur. Therefore, we investigated the
concentration dependence of the amplitude of the two types of increases in [Ca”™]; within the
range of 1 uM (the lowest concentration where the effects occur) to 5 uM. ANOVA analysis
indicated no relationship between the applied 6-OH-BDE-47 concentration and the amplitude
of the initial Ca® transient (Figure 4.4A). Analysis of the late increase indicated that the
amplitude of this increase is concentration dependent (Figure 4.4B), although the biologic
relevance of this small change remains to be determined. The distinct temporal aspects
combined with this observation on the concentration dependence suggest that distinct
mechanisms underlie both phases of increasing [Ca2+]i.
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2 uM BDE47

2 uM 6-OH-BDE47

5 uM 6-OH-BDE47

F340/F3g0 (normalized to baseline)
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Figure 4.2. Biphasic increase in [Ca”"]; in PC12 cells after exposure to 6-OH-BDE-47. Results are shown as
representative traces of normalized Fis0/Fsg (reflecting [Caz+]i) from individual PC12 cells exposed to
2 uM BDE-47 and 1, 2, 5, and 20 uM 6-OH-BDE-47 for 20 min, applied at t = 0, as indicated. Note the
difference in scaling for 2 uM BDE-47 and 20 uM 6-OH-BDE-47.
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Figure 4.3. Concentration dependence of the occurrence of different types of [Ca®]; disturbances during
exposure to 6-OH-BDE-47. Bars indicate the percentage of cells showing an initial transient increase in
[Caz+]i or those showing a late increase in [Ca2+]i. For both processes, the percentage of cells displaying
an increase is significantly higher than in control at concentrations > 1 uM (initial: p < 0.001; late:
p <0.01). Data are shown from three to eight experiments per concentration; numbers above each bar
indicate the number of cells used for data analysis. Inset: representative recording with the
charagteristics of the increase in [Ca2+]i used in this article (i.e., amplitude of the initial and late increase
in [Ca”™"]).
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Figure 4.4. Amplitude of the initial and late increase in [ca™; after exposure to 1 - 5 uM 6-OH-BDE-47
shown as boxplots of amplitudes reached during the initial transient (A) and late increase (B). Upper and
lower borders of the box represent upper and lower quartiles; the line within the box is the median;
whiskers represent lowest and highest values, and circles represent outliers. ANOVA analysis indicates
no differences in the amplitude of the initial increase at different concentrations (p > 0.05). ANOVA
analysis and post hoc t-tests indicate that the amplitude of the late increase in [Ca®™; increases with
increasing concentration (p < 0.01). Data shown are from three to eight experiments per concentration;
numbers above each box indicate the number of cells used for data analysis.
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6-OH-BDE-47-induced increase in [Ca”],- mainly originates from intracellular stores. To
investigate the mechanisms underlying the observed increase in [Ca’'], we performed Ca**
imaging experiments under Ca’‘-free conditions to reveal whether extracellular Ca®" is
required. Both the initial transient and the additional late increase in [Cap']i were still present
under Ca’*-free conditions. However, the occurrence and amplitude of the initial increase
were significantly higher under physiologic Ca®* conditions (1.8 mM; Figures 4.5 and 4.6). The
occurrence and amplitude of late increases were not altered under Ca”*-free conditions
(Figures 4.5 and 4.6). From these data, we conclude that the initial increase depends only
partially on extracellular Ca**, whereas the late increase is independent of external Ca”,
indicating that the 6-OH-BDE-47-induced increase in [ca™: largely relies on the release of ca®
from intracellular stores.
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Figure 4.5. Release from intracellular Ca”" stores in PC12 cells after exposure to 6-OH-BDE-47. Results
are shown as representative traces of [Ca2+]i measurements of individual PC12 cells exposed to 5 uM
6-OH-BDE-47 (applied at t = 0; dashed line) in external saline (containing 1.8 mM Ca2+) and under Ca**-
free conditions as indicated for each panel. The initial transient increase is smaller under Ca”'-free
conditions (note the different scale). When cells were pretreated with TG or TG + FCCP, an immediate
increase in [Caz+]i, corresponding to the emptying of intracellular stores, can be seen. Upon subsequent
exposure to 6-OH-BDE-47, the initial transient increase, as observed under control conditions, is absent.
Only in cells pretreated with TG and FCCP is the 6-OH-BDE-47-induced late increase also absent.
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Figure 4.6. Occurrence and amplitudes of initial and late 6-OH-BDE-47-induced increases at different
experimental conditions. The effects of 5 uM 6-OH-BDE-47 on [Ca2+]i were measured in external saline
(1.8 mM Ca®"), Ca®*-free saline (0 mM Ca®'), Ca*'-free saline after pretreatment with TG (0 mM Ca®* +
TG), and Ca*'-free saline after pretreatment with both TG and FCCP (0 mM Ca®" + TG + FCCP).
Occurrence (A) and amplitude (C) of the initial increase in [Caz+]i. Occurrence (B) and amplitude (D) of
the late increase in [Caz+]i. Data are from four experiments per treatment. Numbers above bars indicate
the number of cells used for data analysis; values shown are mean * SE for the number of cells
indicated. *p < 0.05; **p < 0.01; #p < 0.001.

To identify the intracellular stores responsible for the observed increase in [Ca2+]i, we
performed additional ca”™ imaging experiments using PC12 cells in which mitochondrial and
TG-sensitive intracellular Ca®* stores were depleted by pretreatment with FCCP and TG,
respectively. After depletion of ER Ca®* stores with TG under Ca’*-free conditions, 5 pM 6-OH-
BDE-47 was no longer able to evoke the initial transient increase in [Ca2+]i, but the late
increase was still present (Figure 4.5). Both the occurrence and the amplitude of the late
increase were larger after TG pretreatment compared with normal and Ca’*-free conditions
(Figure 4.6), indicating a tight coupling between intracellular Ca”" stores. After depletion of
both mitochondrial and ER Ca”* stores with FCCP and TG under Ca”**-free conditions, both the
initial transient and the late increase in [Ca*]; were completely absent. These combined data
indicate that the initial transient increase in [Ca’*];, which depends only partly on ca” influx, is
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mainly caused by intracellular Ca”" release from the ER, whereas the late increase is mainly
due to Ca’* release from mitochondria.

To investigate whether the influx of extracellular Ca®* in the initial transient increase
was related to emptying of the ER, we exposed dantrolene (100 uM)-pretreated PC12 cells to
5 uM 6-OH-BDE-47 under physiologic Ca’* conditions. The occurrence and amplitude of the
initial transient increase were markedly reduced under these conditions (data not shown),
suggesting that store-operated ca® entry (SOCE) largely accounts for the influx of
extracellular Ca™".

Discussion

The results of the present study demonstrate that both the abundant PBDE congener BDE-47
and its hydroxylated metabolite 6-OH-BDE-47 increase [Ca2+]i in PC12 cells, although the
hydroxylated metabolite does so at much lower concentrations. The initial transient and the
late increase in [Ca’']; are due to release of Ca** from endoplasmic and mitochondrial ca**
stores, respectively; extracellular ca’* also plays a role in the observed initial increase in [ca™:
during exposure to 6-OH-BDE-47. Interestingly, the initial increase in [Ca2+]i is temporally
linked with vesicular catecholamine release, raising concern about effects of BDE exposure on
neurotransmission.

The increase in [Ca2+]i is mainly caused by release of Ca”* from intracellular stores,
which are involved in controlling intracellular Ca” homeostasis and neurotransmitter release
(reviewed in Garcia et al. 2006). It is noteworthy that disruption of intracellular ca”™
homeostasis by release of Ca** from intracellular stores and influx of extracellular Ca*" is also
considered an important factor in the neurotoxicity of PCBs (reviewed in Fonnum et al. 2006;
Kodavanti 2005).

The effects of 6-OH-BDE-47 on exocytosis and [Ca“]i have been investigated in PC12
cells, which are widely used as an in vitro neuroendocrine model to study neurotransmitter
secretion (reviewed in Westerink and Ewing 2008). Possible origins for the 6-OH-BDE-47-
induced increase in [Caz+]i are influx of extracellular Ca’* or release from intracellular Ca**
stores. In adrenal chromaffin and PC12 cells, intracellular Ca’* stores are ER, mitochondria,
nucleus, and secretory vesicles. Influx via voltage-gated Ca”* channels and SOCE channels, and
efflux from the ER and the mitochondria, are tightly coupled and locally control the [Ca”*];
that regulates exocytosis (reviewed in Garcia et al. 2006; Parekh and Putney 2005). The
increase in [Ca2+]i following exposure to 6-OH-BDE-47 is also associated with an increase in
vesicular catecholamine release in PC12 cells. The increase in catecholamine release was most
apparent during the first 2.5 min of exposure, whereas release frequencies were no longer
different between control cells and cells exposed to 6-OH-BDE-47 after 5 min of exposure
(Figure 4.1). The strong temporal link between the 6-OH-BDE-47-induced initial transient
increase in [Ca’*]; (by emptying of the ER and subsequent SOCE) and the 6-OH-BDE-47-
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induced burst of exocytotic activity strongly suggests a causal relationship. Because the
observed late increase in [Ca”]; (by Ca** release from mitochondria) has a smaller effect on
[Ca®"]; than the emptying of the ER and subsequent SOCE (Figure 4.4) at concentrations
<5 uM, the association between this late increase in [Ca2+]i and neurotransmitter release is
likely to be of less toxicologic concern.

Because the initial peak is completely absent in TG-treated cells, we concluded that this
increase in [Ca”"]; primarily originates from the ER. Another brominated flame retardant
(tetrabromobisphenol A) has recently been shown to be a potent inhibitor of the SERCA Ca**
pump (Ogunbayo and Michelangeli 2007). The reduced amplitude of the initial transient
[Ca®"]; increase under Ca’*-free conditions (without TG pretreatment) indicates that both an
intracellular and extracellular Ca®* component contribute to this transient increase. The
extracellular Ca** component could be caused by a direct effect of 6-OH-BDE-47. However,
the TG experiments suggest it is more likely that SOCE, through SOCE channels, in response to
6-OH-BDE-47-induced emptying of the ER, accounts for the involvement of extracellular Ca”".
SOCE is commonly observed in PC12 cells after depletion of Ca”" stores (Bennett et al. 1998;
Taylor and Peers 1999). When Ca” release from the ER is inhibited by dantrolene during
exposure to 6-OH-BDE-47, the initial transient increase is markedly reduced, suggesting that a
large part of the extracellular component is indeed an indirect effect of 6-OH-BDE-47
associated with SOCE. However, as a small initial transient increase can still be observed, it is
not possible at present to exclude a direct effect of 6-OH-BDE-47 on other Ca”* influx
pathways.

In cells treated with TG and the mitochondrial uncoupler FCCP, both the initial and the
late increase no longer occur after application of 6-OH-BDE-47. As the initial increase was
already abolished by TG, these results indicate that the late increase in [ca™: mainly
originates from mitochondria. In TG-treated cells, the amplitude of the late Ca” increase is
larger (Figure 4.6). A possible explanation for this enhancement of the late Ca®" increase is the
tight coupling between Ca”* influx via voltage-gated and SOCE channels and efflux from
intracellular stores (reviewed in Garcia et al. 2006; Parekh and Putney 2005). This coupling
predicts that mitochondria take up Ca’* from the emptied TG-sensitive stores and will thus be
filled to a larger extent. As a consequence, emptying of mitochondrial stores by 6-OH-BDE-47
will result in an enhancement of the late Ca* increase (Figure 4.6).

The present findings add to previous studies demonstrating that ortho-substituted
(nonplanar) PCBs increase [Ca”*]; in cultured neuronal cells and brain preparations (Howard et
al. 2003; Inglefield and Shafer 2000; Kang et al. 2004; Kodavanti et al. 1993; Magi et al. 2005;
Voie and Fonnum 1998; Wong et al. 1997). Inhibition of endoplasmic and mitochondrial Ca**-
ATPases, mobilization of Ca** from the ER through interaction with the inositol triphosphate
(IP3)- and ryanodine receptors, and disruption of plasma, mitochondrial, and endoplasmic
membranes have all been proposed as possible mechanisms. Furthermore, the commercial
PBDE mixture DE-71, which contains 31.8% BDE-47, has also been shown to disrupt
microsomal Ca’* homeostasis (Kodavanti and Ward 2005). More recently, a gradual increase
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in [Ca2+]i in PC12 cells has also been reported for the environmentally relevant BDE-47,
although only at 20 uM (Dingemans et al. 2007). Also, BDE-47, as well as 2,2°,4,4°,5-
pentabromodiphenyl ether (BDE-99), result in a reduced net Ca’* uptake by microsomes and
mitochondria isolated from frontal cortex, cerebellum, hippocampus, and hypothalamus of
adult male rats measured after 20 min exposure to 3 - 30 uM (Coburn et al. 2008).

The underlying mechanisms of the (hydroxylated) PBDE-induced disruption of Ca**
homeostasis should be investigated in more detail. Increasing evidence suggests that
formation of reactive oxygen species (ROS) could be responsible for the observed effects on
[Ca®*]. In rat hippocampal neurons as well as in human SH-SY5Y cells and neutrophil
granulocytes, BDE-47 has been shown to induce ROS formation at exposure concentrations of
41, 4, and 6 UM, respectively (He et al. 2008a, 2008b; Reistad and Mariussen 2005). However,
the effect of hydroxylated BDE-47 on ROS formation remains to be determined. Mechanisms
usually associated with increased ROS formation include activation of tyrosine kinase, IPs-
kinase, protein kinase C, phospholipase C, and nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase; release of arachidonic acid; and disturbed and increased [Ca2+]i (Kodavanti
and Derr-Yellin 2002; Kodavanti and Ward 2005; Reistad and Mariussen 2005). Because of the
ether group connecting the phenyl rings in PBDEs, these compounds display a structural
resemblance with ortho-substituted PCBs. It is therefore likely that disruption of ca™
homeostasis (reviewed in Mariussen and Fonnum 2006), primarily caused by Ca’" release
from intracellular stores, is a common feature underlying the neurotoxicity of both ortho-
PCBs and PBDEs.

Determination of the relative potency of 6-OH-BDE-47 and BDE-47 based on half
maximal effective concentrations requires full dose-response curves with similar slopes and
efficacy, which is not realistic due to the occurrence of nonspecific effects at high
concentrations of 6-OH-BDE-47 and the relatively low potency of the parent compound and
consequent solubility problems. Nonetheless, comparison of lowest observed effect
concentrations clearly reveals that 6-OH-BDE-47 has a potency at least one order of
magnitude higher than the parent compound BDE-47.

In the 1990s, an association between delayed human neurodevelopment and
prenatal or neonatal exposure to PCBs was reported in cohort studies, which were
corroborated by experiments demonstrating developmental neurotoxicity of PCBs (reviewed
in Winneke et al. 2002). Although epidemiologic evidence for a similar association of PBDEs is
yet lacking, it has been established that exposure of mice to these environmental pollutants
during brain development can cause toxic effects at doses much lower than those affecting
adult brain function (Eriksson et al. 2001a). It is thus of particular concern that young children
at critical stages of brain development are exposed to higher concentrations of PBDEs than
adults. This high exposure is mainly associated with an increased exposure of children to
house dust, which is an important source of PBDEs (Jones-Otazu et al. 2005). Additionally,
global differences in PBDE body burden are observed, with average levels in North America
being approximately 10 times higher than in Europe and Asia (Birnbaum and Cohen Hubal
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2006). Very high serum concentrations of BDE-47 (as well as other PBDE congeners) have
recently been measured in children working and living on a waste dumpsite in Nicaragua
(Athanasiadou et al. 2008). These samples also have shown that hydroxylated PBDE
metabolites bioaccumulate in human serum. The highest concentration of 6-OH-BDE-47
measured was 13 pmol/g lipid weight, corresponding to approximately 0.14 nM in blood
(calculated using average physiologic values). These in vivo values are still orders of
magnitude lower than those that exert effects in the present in vitro study. However,
particular concern about neurotoxicity arises from the fact that comparable or even higher
levels were observed for several other hydroxylated PBDE metabolites, for which even fewer
toxicity data are available than for 6-OH-BDE-47.

In summary, exposure of PC12 cells to 2 1 pM 6-OH-BDE-47 increases exocytosis and
[Ca2+]i, mainly via release from ER and mitochondria, whereas its parent compound BDE-47
causes comparable effects only at 20 uM. Furthermore, recent in vivo findings demonstrated
that neonatal exposure of mice to BDE-47 causes permanent effects on neurobehavior
(Eriksson et al. 2001b) and synaptic plasticity (Dingemans et al. 2007). Human exposure to
hydroxylated PBDE metabolites results from uptake from natural sources and from internal
oxidative metabolism of PBDEs (Hakk and Letcher 2003). In this respect, it should also be
noted that exposure to PBDEs in children at the age of rapid brain development is
disproportionally high (Jones-Otazu et al. 2005). The stronger ca** homeostasis-disrupting
effect of these hydroxylated metabolites is therefore a critical factor that should be taken into
account in human PBDE risk assessment, in particular in relation to neurotoxicity and
neurodevelopment. Based on the mechanism of action observed in the present study with
PBDEs and those reported earlier for ortho-substituted PCBs (i.e., disruption of ca™
homeostasis), a cumulative neurotoxic effect (on [Ca2+]i) of both groups of compounds can
not be ruled out. Further research should determine whether combined exposure to PBDEs
and ortho-PCBs is of neurotoxicologic relevance in humans.
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Abstract

Background: Brominated flame retardants, including the widely used polybrominated
diphenyl ethers (PBDEs), have been detected in humans, raising concern about possible
neurotoxicity. Recent research demonstrated that the hydroxylated metabolite 6-OH-BDE-47
increases neurotransmitter release by releasing Ca’* from intracellular stores at much lower
concentrations than its environmentally relevant parent congener BDE-47. Recently, several
other hydroxylated BDE-47-metabolites, besides 6-OH-BDE-47, have been detected in human
serum and cord blood.

Objective and methods: To investigate the neurotoxic potential of other
environmentally relevant PBDEs and their metabolites, we investigated and compared the
acute effects of BDE-47, BDE-49, BDE-99, BDE-100, BDE-153 and several metabolites of
BDE-47, i.e., 6-OH-BDE-47 (and its methoxylated analogue 6-MeO-BDE-47), 6’-OH-BDE-49,
5-OH-BDE-47, 3-OH-BDE-47 and 4’-OH-BDE-49, on the intracellular Ca’* concentration
(ICa®']), measured using the Ca**-responsive dye Fura-2 in neuroendocrine
pheochromocytoma (PC12) cells.

Results: In contrast with the parent PBDEs and 6-MeO-BDE-47, all hydroxylated
metabolites induced Ca’' release from intracellular stores, although with different lowest-
observed-effect concentrations (LOECs). The major intracellular Ca”™ sources were either
endoplasmic reticulum (ER; 5-OH-BDE-47 and 6’-OH-BDE-49) or both ER and mitochondria
(6-OH-BDE-47, 3-OH-BDE-47 and 4’-OH-BDE-49). When investigating fluctuations in [Ca2+]i, a
more subtle endpoint, lower LOECs were observed for 6-OH-BDE-47 and 4’-OH-BDE-49,
whereas also BDE-47 increased the number of fluctuations.

Conclusions: The present findings demonstrate that hydroxylated metabolites of
BDE-47 cause disturbance of the [Ca”"].. Importantly, shielding of the OH-group on both sides
with Br-atoms and/or the ether-bond to the other phenyl ring lowers the potency of
hydroxylated PBDE-metabolites.
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Introduction

Brominated flame retardants (BFRs) are added to a wide array of consumer products. Adverse
effects of these compounds on the developing nervous system give cause for concern
(reviewed in Costa and Giordano 2007). Long-lasting neurobehavioral changes following
neonatal exposure have been detected in rodents after exposure to polybrominated diphenyl
ethers (PBDEs; Branchi et al. 2003; Eriksson et al. 2001; Lilienthal et al. 2006; Rice et al. 2007;
Viberg et al. 2003, 2006) as well as various functional and structural alterations in the brain
(Dingemans et al. 2007; Viberg 2009; Xing et al. 2009).

In particular during development, acute effects on neuronal activity may result in the
observed long-lasting changes in proteins, brain function and behavior. A key regulator for
neuronal function is the intracellular Ca** concentration ([Caz+]i), which regulates many
cellular processes, including the release of neurotransmitter at the presynaptic terminal
(reviewed in Clapham 2007; Laude and Simpson 2009).

PBDEs have been shown to affect Ca’* homeostasis in microsomes (Kodavanti and
Ward 2005) and PC12 cells (Dingemans et al. 2007) and to reduce the Ca”* uptake by brain
microsomes and mitochondria (Coburn et al. 2008) at relatively high concentrations. PBDEs
have also been shown to induce oxidative stress in neuronal cells (He et al. 2008; Kodavanti
and Ward 2005). Recently, it was demonstrated that 6-OH-BDE-47, a hydroxylated metabolite
of BDE-47, increases vesicular neurotransmitter release and [Caz+]i by releasing ca®* from
intracellular stores in PC12 cells. The increase in vesicular neurotransmitter release was
induced by 6-OH-BDE-47 at much lower concentrations than by the parent PBDE (Dingemans
et al. 2008). Therefore, hydroxylated PBDEs (OH-PBDEs) may be more important than the
parent compounds for human risk assessment for neurotoxicity.

It has recently been found that not only PBDEs but also various hydroxylated
metabolites of PBDEs bioaccumulate in humans (Athanasiadou et al. 2008; Qiu et al. 2009).
Therefore, the aim of this study was to determine whether mono-hydroxylated metabolites of
the abundant BDE-47 affect [Ca*]; and to compare this with the effects of a methoxylated
analogue and several other environmentally relevant PBDE-congeners.

Materials and Methods

Chemicals. In the present study, the effects of BDE-47, BDE-99, BDE-100, BDE-153 (main
constituents of the commercial DE-71 pentaBDE mixtures; La Guardia et al. 2006), as well as
several metabolites of BDE-47 (6-OH-BDE-47, 6’-OH-BDE-49, 5-OH-BDE-47, 3-OH-BDE-47,
4’-OH-BDE-49 and methoxylated analogue 6-MeO-BDE-47) were investigated. During
formation of 6’-OH-BDE-49 and 4’-OH-BDE-49 a bromine-shift takes place. Consequently,
BDE-49 is included as a control for possible influences of this change in bromination pattern.
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PBDEs (Figure 5.1, for full names see Supplemental Material, Table 5.51) were
synthesized and purified (~99% purity) at the Department of Environmental Chemistry of
Stockholm University (Marsh et al. 1999). Dibenzo-p-dioxins and dibenzofurans were removed
from the PBDEs with a charcoal column as described by Orn et al. (1996). All other chemicals,
unless otherwise stated, were obtained from Sigma-Aldrich (Zwijndrecht, the Netherlands).

Position
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Figure 5.1. Molecular structures of the PBDEs (A; BDE-47, BDE-49, BDE-99, BDE-100 and BDE-153) and
metabolites of BDE-47 (B; 6-OH-BDE-47, 6’-OH-BDE-49, 5-OH-BDE-47, 3-OH-BDE-47, 4’-OH-BDE-49 and
methoxylated analogue 6-MeO-BDE-47) investigated in this study. For the metabolites, also the position
of the OH- or MeO-group is indicated, as well as the shielding of this group by occupancy of the adjacent
C-atoms by either phenyl ether and/or bromine atoms.

Cell culture. Rat pheochromocytoma (PC12) cells (Greene and Tischler 1976), obtained from
ATCC (American Type Culture Collection, Manassas, VA, USA), were cultured as described
previously (Dingemans et al. 2008; for more details, see Supplemental Material).
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Cell viability assay. To investigate possible acute effects of the PBDEs on cell viability, the
Alamar Blue (AB) and neutral red (NR) uptake assays were used with minor modifications
(Magnani and Bettini 2000; Repetto et al. 2008). For more details, see Supplemental Material.

Intracellular Ca** imaging. Changes in [Ca’’]; were measured using the Ca’*-sensitive
fluorescent ratio dye Fura-2 as described previously (Dingemans et al. 2007, 2008). For more
detailed information on experimental conditions and calculation of [Ca™); see Supplemental
Material.

The average and amplitude of [Ca’]; during exposure were determined per cell to
investigate effects of PBDEs on Ca”* homeostasis. The standard deviation during baseline
[Ca2+]i recording ranged from 2 - 74% of average [Ca2+]i (n = 1538; see Supplemental Material,
Figure 5.51). To prevent registration of false positive effects, an increase in [Ca®)i to > 175%
of baseline was therefore used to determine no-observed-effect concentrations (NOECs) and
lowest-observed-effect concentrations (LOECs). A transient increase within 0-10 min from
the start of exposure is referred to as an ‘initial increase’, while additional increases are
referred to as ‘late increases’ (Dingemans et al. 2008). At NOEC levels, based on average and
amplitude of [Ca™); levels, increases in [Ca’']; levels to > 175% of baseline during exposure
were scored as fluctuations to investigate more subtle effects on the Ca”* homeostasis. The
number of cells showing fluctuations in [Ca®]; as well as frequency, amplitude and duration of
these fluctuations, were determined.

Data analysis and statistics. All data are presented as mean + SE from the number of cells (n)
or fluctuations in [Caz+]i (N) indicated. Statistical analyses were performed using SPSS 16
(SPSS, Chicago, IL, USA). Categorical and continuous data were compared using respectively
Fisher’s exact test and Student’s t-test, paired or unpaired where applicable. Analysis of
variance (ANOVA) and post hoc t-tests were performed to investigate possible dose-response
relationships. To investigate structure-activity relationships, the possible influence of
hydroxylation position and/or shielding of the OH-group by adjacent atomic groups was
investigated on the efficacy to increase [Caz+]i. To this aim, a multifactorial ANOVA was
performed using the mean increase in basal [Ca™] at 20 UM as the dependent variable.
Hydroxylation position (ortho, meta or para) and the presence of either one or two shielding
atomic groups (phenyl ring and/or bromine atom) adjacent to the OH-group were used as
fixed variables (Figure 5.1). A p-value < 0.05 is considered statistically significant.

Results
Effects of parent PBDEs on [Ca’’];. Exposure to solvent control DMSO, 20 uM BDE-47, BDE-49,

BDE-99, BDE-100 or BDE-153 did not decrease cell viability (not shown), increase the average
or amplitude of [Ca®"]; or increase the percentage of cells showing fluctuations in [Ca®"]; (see
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Supplemental Material, Figure 5.52). However, the frequency and duration of fluctuations in
[Ca®"]; increased during exposure to 20 uM BDE-47. At 2 uM BDE-47, similar effects were
detected (NOEC: 1 uM). No effects could be detected on the frequency, duration or amplitude
of fluctuations during exposure to 20 uM BDE-49, BDE-99, BDE-100 or BDE-153 (see
Supplemental Material, Table 5.53).

Hydroxylated BDE-47 metabolites increase [Caz“],-. After 20 min exposure to 6-OH-BDE-47,
5-OH-BDE-47 or 4’-OH-BDE-49, only at 20 uM a decrease in cell viability measured with NR
was observed to respectively 86 + 0.3%, 86+ 1.1% and 93 + 0.8% of control. No significant
decreases in cell viability measured by NR assay were observed for 6’-OH-BDE-49 and 3-OH-
BDE-47. In the AB assay, exposure to 6-OH-BDE-47, 6’-OH-BDE-49 or 3-OH-BDE-47 increases
the relative fluorescence intensity dose-dependently above the control level (not shown).

Initial increases in [Caz+]i were observed during exposure to 6-OH-BDE-47, 6’-OH-
BDE-49, 5-OH-BDE-47, 3-OH-BDE-47 or 4’-OH-BDE-49 (see Supplemental Material, Figure 5.53
and Table 5.52). Exposure to OH-PBDEs resulted in a dose-dependent increase in average and
amplitude of [Ca®*]); with varying LOECs. LOECs are determined by the amplitude of the
increase in [Ca2+]i (Figure 5.2) and the percentage of cells showing initial and late increases in
[Ca2+]i (Figure 5.3). No effects on the average and amplitude of [Caz+]i were detected during
exposure to 20 uM 6-MeO-BDE-47. Effects on cell viability, the percentage of cells showing
increases in [Ca”']; to > 175% of baseline or on the average frequency, duration and amplitude
of fluctuations could also not be detected for 6-MeO-BDE-47.

For 6’-OH-BDE-49, 3-OH-BDE-47 and 4’-OH-BDE-49, the LOEC for increased [Ca2+]i is
20 uM. Exposure to 20 uM 6’-OH-BDE-49 results in an initial increase in 50% of the cells. Late
increases are observed less frequently and with lower amplitude. The shapes of the increases
in [Ca®™"); during exposure to 20 uM 6’-OH-BDE-49 vary widely (Figure 5.4B). Initial increases
are observed during exposure to 20 uM 3-OH-BDE-47 in 48% of the cells. Exposure to 20 uM
4’-OH-BDE-49 results in a modest initial increase compared to baseline in 83% of the cells,
after which a larger late increase is observed.
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Figure 5.2. Hydroxylated metabolites of BDE-47 increase [Caz+]i. Bars (A) represent average (open bars)
and amplitude (closed bars) of [Ca®']; during exposure to 2 or 20 uM of 6-MeO-BDE-47, 6-OH-BDE-47,
6’-OH-BDE-49, 5-OH-BDE-47, 3-OH-BDE-47 or 4’-OH-BDE-49. For 6-OH-BDE-47 (B) and 5-OH-BDE-47 (C),
which show increase in [Caz+]i to > 175% of baseline (as indicated with dashed line) at 2 uM, more
concentrations are tested. Note the difference in scaling as indicated by the grey plot area. Data are
shown from 4 to 19 experiments per concentration; numbers inside the bars indicate the number of
cells used for data analysis.
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Figure 5.3. Concentration dependence of the occurrence of different types of [Ca™, disturbances during
exposure to 2 or 20 uM of 6-MeO-BDE-47, 6-OH-BDE-47, 6’-OH-BDE-49, 5-OH-BDE-47, 3-OH-BDE-47 or
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observed-effect concentration (*p <0.05; **p<0.01; #p <0.001). Data are shown from 4 to 19
experiments per concentration; numbers inside the bars indicate the number of cells used for data
analysis.

68



Chapter 5

For the OH-PBDEs with an effect at 2uM (6-OH-BDE-47 and 5-OH-BDE-47), lower
concentrations were also tested (Figure 5.2B, 5.2C, 5.3B and 5.3C), showing that the LOECs for
these OH-PBDEs are 1 uM. Late increases are observed only at concentrations > 2 uM. At
concentrations < 5 uM, this late increase is of comparable amplitude as the initial increase
(~200 - 400% of baseline). At 20 uM, the late increase induced by 6-OH-BDE-47 or 5-OH-
BDE-47 is much larger (see Supplemental Material, Table 5.52), as was also observed for
20 uM 4’-OH-BDE-49. The amplitudes of the initial and late increases observed during
exposure to 6-OH-BDE-47 or 5-OH-BDE-47 are dose-dependent (ANOVAs: 6-OH-BDE-47: initial
p <0.0001, late p < 0.0001; 5-OH-BDE-47: initial: p < 0.01, late p < 0.0001).

The mean amplitude of [Ca*]; during exposure to 20 uM of the hydroxylated
metabolites was independent of the position (ortho, meta or para) of the OH-group on the
PBDE-molecule (ANOVA: n.s.). However, OH-PBDEs in which the OH-group was shielded on
only one side, with either the other phenyl ring or a bromine atom, induce significantly higher
increases in [Ca’']; compared to OH-PBDEs in which the OH-group was shielded on both sides
(ANOVA: p<0.01). However, this influence of the shielding of the OH-group (on one
compared to two sides) is independent of its position (ortho, meta or para) on the PBDE-
molecule (ANOVA: n.s.).

Hydroxylated BDE-47 metabolites increase [Caz“],- by release of ca** from intracellular
stores. Though initial increases in [Ca2+]i induced by 6-OH-BDE-47, 5-OH-BDE-47, and to a
lesser extent by 4’-OH-BDE-49, were reduced in Ca”*-free conditions, increases were still
observed for all of the OH-PBDEs (Figure 5.4). To identify the responsible ca” stores,
endoplasmic reticulum (ER) or both ER and mitochondrial Ca®* stores were depleted by either
1 uM thapsigargin (TG) or 1 uM TG and 1 uM carbonyl cyanide 4-(trifluoromethoxy) phenyl-
hydrazone (FCCP). TG and TG/FCCP pretreatment causes a transient increase in [Ca™; of
respectively 321+ 11 (n=191) and 393 +11% of baseline (n=195), after which [Ca™];
stabilizes and the OH-PBDE is applied.

When depleting ER Ca”" stores in Ca*-free conditions, the initial increase induced by
5 UM 6-OH-BDE-47 is largely diminished (Figure 5.4A), Although the amplitude of the late
increase is not different in Ca’'-free conditions, it increased after depletion of the ER ca®*
stores, but greatly diminished after depletion of both endoplasmic and mitochondrial ca™
stores.
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Figure 5.4. Increase in [Ca2+]i by OH-PBDEs results from the release of Ca® from intracellular stores.
Boxes represent amplitudes of [Ca2+]i in PC12 cells during exposure to 6-OH-BDE-47 (5 uM, A), 6’-OH-
BDE-49 (20 pM; B), 5-OH-BDE-47 (5 uM; C), 3-OH-BDE-47 (20 pM; D) and 4’-OH-BDE-49 (20 uM; E)
measured in external saline (1.8mM Ca®'), Ca*-free saline (0 mM Ca®), Ca*’-free saline after
pretreatment with TG (0 mM Ca®* + TG), and Ca**-free saline after pretreatment with both TG and FCCP
(0 mM Ca** + TG + FCCP). Cells were pre-treated with TG and FCCP to deplete respectively ER and
mitochondrial Ca>* stores. Upper and lower borders of the box represent upper and lower quartiles, the
line within the box is the median, whiskers represent lowest and highest values, and circles represent
outliers (outliers more than 3 interquartile ranges from the box not shown for clarity). Data shown are
from 3 to 7 experiments per treatment; numbers below each box indicate the number of cells used for
data analysis. The percentage of responding cells (with increase in [Caz+]i to > 175% of baseline) are
denoted above each box. * p<0.05; ** p<0.01; # p<0.001. Representative traces of [Caz+]i
measurements of individual PC12 cells exposed to OH-PBDE for 10 min (applied as indicated by
arrowheads) in external saline (containing 1.8 mM Ca2+) and in Ca®*-free conditions are shown below.

The variety in [Ca’']; responses during exposure to 20 pM 6’-OH-BDE-49 was also observed in
Ca”*-free conditions (Figure 5.4B). After depletion of ER Ca’* stores, both initial and late
transient increases in [Ca*']; were no longer observed. When depleting the ER Ca” stores, the
amplitudes of both initial and late increases induced by 5uM 5-OH-BDE-47 are largely
diminished (Figure 5.4C). After depletion of both endoplasmic and mitochondrial Ca”" stores,
the late increase is further reduced. Monophasic increases during exposure to 20 uM 3-OH-
BDE-47 are observed in Ca’*-free conditions, with similar amplitude (Figure 5.4D). After
depletion of the ER Ca’* stores the amplitude is significantly decreased, and even further after
depletion of endoplasmic and mitochondrial Ca®* stores. During exposure to 20 uM 4’-OH-
BDE-49 after depletion of the ER Ca’ stores, the amplitude of the initial increase is largely
diminished (Figure 5.4E). The amplitude of the late increase is not significantly changed in
Ca’'-free conditions. After depletion of the ER Ca’* stores, the amplitude is significantly
decreased, and even further after depletion of endoplasmic and mitochondrial Ca** stores.

Lower LOECs are identified for hydroxylated metabolites when investigating fluctuations. At
LOECs and NOECs based on the amplitude of [Caz+]i, fluctuations in [Ca2+]i were investigated
(Table 5.1, see also Supplemental Material, Table 5.54). No effects could be detected on the
percentage of cells showing fluctuations or the frequency, duration and amplitude of these
fluctuations during exposure to 2 uM 6’-OH-BDE-49 or 2 uM 3-OH-BDE-47. During exposure
to 0.2 uM 6-OH-BDE-47, an increase in the percentage of cells showing fluctuations was
observed. The average duration of fluctuations was increased, without effects on the
frequency or amplitude (NOEC: 0.1 uM 6-OH-BDE-47). At 1 uM 5-OH-BDE-47, the number of
cells showing fluctuations was increased. While the duration increased, the amplitude and
frequency were not affected (NOEC: 0.2 uM 5-OH-BDE-47). At 2 uM 4’-OH-BDE-49, the
number of cells showing fluctuations was increased, as well as the average fluctuation
frequency, duration and amplitude (NOEC: 1 uM 4’-OH-BDE-49).
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Table 5.1. Table summarizes the LOECs of BDE-47 and hydroxylated metabolites on cell viability and different parameters of [ca™, investigated in PC12 cells in
the present research. A: Below the mechanisms responsible for effects on Ca®" homeostasis, LOEC values of effects causing a decrease of > 25% in the specific
Ca*'-free experiments (Figure 5.4) are indicated, as well as resulting NOEC levels. B: Below the investigated parameters of fluctuations in [Caz+]i, LOEC values are
indicated, as well as resulting NOEC levels. When NOEC levels for effects on fluctuations in [Ca2+]i, are lower compared to NOEC values for effects on ca®*
homeostasis related processes, this is indicated by (<). For values of [Ca™; and fluctuation parameters, see Supplemental Material, Tables 5.52 and 5.53. For

table including all PBDEs and MeO/OH-PBDEs investigated in this study, see Supplemental Material, Table 5.54.

A: Ca’* homeostasis

B: fluctuations in [Ca”'];

decreased . . .
Ca*" influx Ca“' release Ca”' release % of cells showing  fluctuation fluctuation fluctuation
cell viability NOEC NOEC
(extracellular) (ER) (mitochondria) fluctuations frequency duration amplitude
BDE-47 - - - - 20 uM - 2 uM 2uM - 1uM (<)
6-OH-BDE-47 20 uM 1uM 1uM 2 uM 0.2 pyM 0.2 pM - 0.2 uM - 0.1 uM (<)
6’-OH-BDE-49 - - 20 uM - 2 uM 20 um® 20 pM® 20 um® 20 um® 2 uM®
5-OH-BDE-47 20 uM 1uM 1uM - 0.2 uM 1uM - 1uM - 0.2 pMm°
3-OH-BDE-47 - - 20 uM 20 uM 2 uM 20 uM?® 20 uMm?® 20 uM?® 20 uM?® 2 uM
4’-OH-BDE-49 20 uM 20 uM 20 uM 20 uM 2 uM 2 uM 2 uM 2 uM 2 uM 1uM (<)
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Discussion

Hydroxylated PBDE metabolite 6-OH-BDE-47 has previously been shown to disrupt [Ca**]; in
PC12 cells by releasing Ca”* from intracellular stores at lower concentrations than its parent
compound BDE-47 (Dingemans et al. 2008). The results presented here demonstrate that also
other hydroxylated metabolites of BDE-47 induce Ca”* release from intracellular stores, while
the investigated methoxylated analogue and parent compounds lack this effect (Figure 5.2).
From experiments in Ca**-free conditions (Figure 5.4) it can be concluded that the initial
increases induced by 6-OH-BDE-47, 5-OH-BDE-47 and 4’-OH-BDE-49 are partly caused by
influx of extracellular Ca**. The initial and late increases induced by 6-OH-BDE-47 are caused
by release of Ca” from respectively ER and mitochondria. The widely varying increase induced
by 6’-OH-BDE-49 is mainly caused by release from endoplasmic Ca”" stores. Both initial and
late increases induced by 5-OH-BDE-47 and the increase induced by 3-OH-BDE-47 are caused
by release of Ca®* mainly from ER, but also from mitochondria. Both initial and late increases
induced by 4’-OH-BDE-49 are caused by release of Ca’* from ER, but the late increase also
from mitochondria. When investigating fluctuations in [Ca’*];, subtle effects of BDE-47 on the
Ca”* homeostasis are detected and lower LOECs are observed for several OH-PBDEs (Table
5.1).

No or mild effects on cell viability were detected for the investigated PBDEs and
MeO/OH-PBDEs, indicating that the observed effects on [Ca2+]i are not confounded by
cytotoxicity. The AB assay, which is based on mitochondrial activity, appeared to be less
useful to determine cell viability, as for 6-OH-BDE-47, 6’-OH-BDE-49 and 3-OH-BDE-47 the
relative fluorescence intensity was increasing dose-dependently above the control level,
suggesting induction of mitochondrial activity. This may be related to mitochondrial
uncoupling, which was previously demonstrated for 6-OH-BDE-47 in isolated zebrafish
mitochondria (van Boxtel et al. 2008).

The low basal [Ca2+]i of PC12 cells is maintained by the removal of ca” ions by the
plasma membrane Ca’* ATPases and Na**-Ca®* exchanger (Duman et al. 2008, reviewed by
Westerink 2006). Additionally, Ca®* can be sequestered into organelles, mainly ER and
mitochondria. 3-OH-BDE-47 and 4’-OH-BDE-49 induce increases in [Caz+]i even after depletion
of both ER and mitochondria by TG and FCCP. It has been shown that Ca”" also accumulates in
endosomes, lysosomes, secretory granules, the Golgi-apparatus and nucleus (reviewed by
Laude and Simpson 2009). The Golgi-apparatus stores Ca’* via sarcoplasmic/endoplasmic
reticulum Ca** ATPase pumps (Missiaen et al. 2007), which are inhibited by TG. Therefore, it is
unlikely that release of Ca”* from the Golgi-apparatus is causing the additional increase, while
this remains unclear for the other mentioned organelles.

At concentrations not affecting the average and amplitude of increases in [Ca2+]i,
BDE-47, 6-OH-BDE-47 and 4’-OH-BDE-49 caused an increase in the frequency, amplitude
and/or duration of fluctuations in [Ca2+]i‘ These subtle effects on the Ca”* homeostasis
resulted in lower NOECs for most of these BFRs, particularly BDE-47 (Table 5.1). Ca®* signals
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vary from microdomains to global across the cell and from milliseconds to many hours (Laude
and Simpson 2009). As the measured [Ca’]; is an average value for the entire cytosol,
underestimation of membrane- or store-associated high [Ca2+]i, or high [Ca2+]i microdomains
(reviewed in Cheng and Lederer 2008) can be expected. The timing of ca”™ signals, including
frequency and duration, impacts how external stimuli cause (patho-)physiological results
(Boulware and Marchant 2008). Moreover, [Caz+]i transients trigger activity-dependent
developmental events in neurons, either by activating gene expression, cytoskeletal elements
or neurotransmitter release, while the characteristics of these responses are determined by
amplitude, frequency, source and spatial location of Ca** signals (reviewed in Moody and
Bosma 2005). Therefore, the observed effects of OH-PBDEs at low concentrations can be of
relevance for the development of the nervous system.

None of the parent PBDEs, except BDE-47, showed any effects on the ca”™
homeostasis in PC12 cells. Nonetheless, neurotoxic effects of BDE-47, BDE-99, BDE-100 as
well as BDE-153 have been detected at different biological levels (Costa and Giordano 2007).
Because of the lack of effects in this study, no effects of bromination pattern could be
investigated. The activity of the OH-PBDE was confirmed to depend on the presence of the
OH-group, as no effects were observed during exposure to the methoxylated analogue of
6-OH-BDE-47. The higher activity of 6-OH-BDE-47 compared to its methoxylated analogue is
in line with other studies, mostly on endocrine effects (van Boxtel et al. 2008; Cantdn et al.
2008; Kojima et al 2009). The mean amplitude of increases in [Ca2+]i could not be related to
the location of the OH-group on the PBDE-molecule. However, it appeared that when the
OH-group is shielded on both sides by either the other phenyl ring and/or Br-atoms (as in
6’-OH-BDE-49 and 3-OH-BDE-47), the OH-PBDE increased [Ca2+]i less than when the OH-group
is less shielded (as in 6-OH-BDE-47, 5-OH-BDE-47 and 4’-OH-BDE-49). Also, the OH-PBDEs with
only one shielded side of the OH-group induce release of Ca’ from ER at the lowest
concentrations (6-OH-BDE-47 and 5-OH-BDE-47) or with the highest amplitude in Ca**-free
conditions (4’-OH-BDE-49). Thus, the toxicity of OH-PBDEs appears attenuated by shielding of
the OH-group on both sides by either the other phenyl ring and/or Br-atoms.

Several animal studies confirmed the generation of hydroxylated metabolites of PBDEs
in vivo (Hakk et al. 2009; Malmberg et al. 2005; Marsh et al. 2006) and OH-PBDEs were also
formed in human liver cells exposed to BDE-99 (Stapleton et al. 2009). Interesting, marine
organisms have also been shown to produce hydroxylated as well as methoxylated PBDE
metabolites (Hakk and Letcher 2003).

Only very recently, the occurrence and accumulation of hydroxylated metabolites was
confirmed in humans (Athanasiadou et al. 2008), with sum OH-PBDE serum concentrations up
to 120 pmol/g lipids. Another study also detected OH-PBDEs in US fetal serum samples and
confirmed the bioaccumulation of these metabolites (Qiu et al. 2009). Moreover, they
demonstrated that concentrations of OH-PBDEs were similar or sometimes even higher than
the concentration of PBDEs. Fetal sum OH-PBDE serum concentrations ranged from 2.01 to
899.1 ng/g lipids (median: 21.96 ng/g lipids). The most abundant BDE-47 metabolites in fetal
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blood were 5-OH-BDE-47 and 6-OH-BDE-47 (Qiu et al. 2009). It is concerning that these
metabolites caused an increase of [Ca2+]i at much lower concentrations than the other
metabolites of BDE-47 investigated.

All five OH-PBDEs investigated in our study caused Ca” release from intracellular Ca**
stores, although with different LOECs. Likely, depending on the position the OH-group and
adjacent phenyl ether and/or Br-atoms, other hydroxylated metabolites of tetra- and penta-
PBDEs have a similar effect on cellular calcium homeostasis. The median (21.96 ng/g lipids)
and highest concentrations (899.1 ng/g lipids) of sum OH-PBDEs observed in fetal plasma
correspond to respectively ~0.4 and ~17.4 nM in blood (calculated with average physiological
parameters). Thus, the highest concentration observed in human blood is only two orders of
magnitude lower than the LOEC for Ca”" release from intracellular stores by OH-PBDEs (1 uM).
Moreover, the LOEC for increased Ca”" fluctuations is even lower (0.2 uM), meaning that the
margin of exposure is insufficient in some individual exposure situations. Also, since
OH-PBDEs are not associated with lipids, as are the parent PBDEs, but have a high affinity for
plasma proteins (Verreault et al. 2005), the estimated blood concentration calculated from
exposure values at a lipid weight adjusted basis (ng/g lipids) may be underestimated.
However, the LOEC (1 uM) used to calculate the margin of exposure is higher for other
metabolites, and it remains to be determined whether the observed effects on fluctuations in
[Ca2+]i could result in functional or even adverse effects in vivo.

As it has been shown that exposure to organohalogen compounds within the time
frame of rapid brain development can result in behavioral defects in mice (reviewed in Costa
and Giordano 2007), it is concerning that children are exposed to these environmental
pollutants pre- as well as postnatally. Moreover, several studies have observed interactions
between environmental pollutants to enhance (neuro-)toxicity. Additive and synergistic
neurotoxic effects of polychlorinated biphenyls (PCBs) and PBDEs have been detected in vivo
(Eriksson et al. 2006) and in vitro (Gao et al. 2009). Concern about possible effects on the
developing brain arises from the fact that an increase in [Ca’']; by release from intracellular
stores appears to be a common mechanism for OH-PBDEs and ortho-PCBs (reviewed by
Mariussen and Fonnum 2006). Therefore, a possible additive effect of these environmental
pollutants with respect to increases in cytosolic [Ca®*];, which is not only a trigger for
neurotransmitter release but affects many cellular processes (Clapham 2007), is not unlikely.

As very high concentrations of PBDEs are occasionally measured in humans, the
voluntary and legislative measures to reduce the release of PBDEs into the environment
appear justified. Also, hydroxylated metabolites of PBDEs, which were recently found to
bioaccumulate in humans (Athanasiadou et al. 2008; Qiu et al. 2009), either from man-made
PBDEs or of natural origin, are currently not taken into account in regulatory human risk
assessment. The results presented here revealed a structure-activity relationship for
metabolites of PBDEs (more shielding of the OH-group reduces the potency of OH-PBDEs) and
reinforce that oxidative metabolism should be included in human risk assessment of
persistent organic pollutants.
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Materials and Methods supplemental

Cell culture. Rat pheochromocytoma (PC12) cells (Greene and Tischler 1976), obtained from
ATCC (American Type Culture Collection, Manassas, VA, USA), were cultured as described
previously (Dingemans et al. 2008). Briefly, PC12 cells were cultured for up to 15 passages in
RPMI 1640 (Invitrogen, Breda, The Netherlands) supplemented with 5% fetal calf serum and
10% horse serum (ICN Biomedicals, Zoetermeer, The Netherlands). For ca” imaging
experiments, PC12 cells were subcultured in poly-L-lysine coated glass-bottom dishes
(MatTek, Ashland MA, USA).

Cell viability assay. To investigate possible acute effects of the PBDEs on cell viability, the
Alamar Blue (AB) and neutral red (NR) uptake assays were used with minor modifications
(Magnani and Bettini 2000; Repetto et al. 2008). Briefly, PC12 cells were plated at a density of
2*10° cells/well 24 h before exposure in 24-wells plates. Cells were exposed for 20 min to
20 uM polybrominated diphenyl ether (PBDE) or 0.2 - 20 uM hydroxylated PBDE (OH-PBDE) in
saline (containing 1.8 mM CaCl,, 24 mM glucose, 10 mM HEPES, 5.5 mM KCl, 0.8 mM MgCl,,
125 mM NacCl, and 36.5 mM sucrose, adjusted to pH 7.3 with NaOH). Cells were subsequently
incubated with 400 pl AB (6.25 uM) in saline for 30 min at 37°C in the dark. Fluorescence was
measured, with excitation at 530 nm and emission at 590 nm using a FLUOstar Galaxy V4.30-0
platereader (BMG Labtechnologies, Offenburg, Germany). The same plate was then incubated
with 800 ul NR (33 pg/ml) in saline for 60 min at 37°C in the dark. The cells were lysed using
400 pl extraction solution (50% ethanol absolute, 49% MilliQ water, 1% acetic acid). After
10 min shaking, fluorescence was measured, with excitation at 530 nm and emission at
645 nm using a FLUOstar Galaxy V4.30-0.

Intracellular Ca** imaging. Changes in intracellular Ca** concentration ([Ca’']) were
measured using the Ca’"-sensitive fluorescent ratio dye Fura-2 as described previously
(Dingemans et al. 2007, 2008). Briefly, cells were loaded with 5 uM Fura-2-AM (Molecular
Probes; Invitrogen, Breda, the Netherlands) in saline for 20 min at room temperature; this
was followed by 15 min de-esterification in saline. The cells were then placed on the stage of
an Axiovert 35M inverted microscope (Zeiss, Gottingen, Germany) equipped with a TILL
Photonics Polychrome IV (TILL Photonics GmBH, Gréafelfing, Germany). Fluorescence, evoked
by 340 and 380 nm excitation wavelengths (Fss0 and Fsg0), was recorded every 12 sec at
510 nm with an Image SensiCam digital camera (TILL Photonics GmBH). The digital camera
and polychromator were controlled by imaging software (TILLvisION, version 4.01), which was
also used for data collection and processing. After 5 min baseline recording, cells were
exposed to 0.1 - 20 uM of the PBDE(-metabolites). Maximum and minimum ratios (Rmax/Rmin)
were determined after 25 min recording (20 min exposure) by addition of ionomycin (5 uM)
and EDTA (17 mM), respectively.
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Where applicable, cells were washed with Ca’*-free saline (containing 10 uM EDTA to
remove residual extracellular Ca’*) just before the imaging experiments. In specific
experiments, thapsigargin (TG)-responsive endoplasmic and mitochondrial Ca®* stores were
emptied by incubation with respectively 1uM TG and 1uM carbonyl cyanide
4-(trifluoromethoxy) phenylhydrazone (FCCP) in Ca”*-free saline for 10 min (Dingemans et al.
2008). TG is a high-affinity inhibitor of sarcoplasmic/endoplasmic reticulum (ER) Ca’* ATPase
(SERCA; Toyoshima and Inesi 2004). FCCP depolarizes the mitochondrial membranes,
resulting in the uncoupling of oxidative phosphorylation and subsequent Ca”" release from
mitochondria (Taylor et al. 2000). These compounds are commonly used under experimental
conditions to empty intracellular Ca”" stores.

Free cytosolic [Ca™]; was calculated using Grynkiewicz’s equation

[Caz+]i = Kd* X (R - Rmin)/(Rmax - R)

(as described in Deitmer and Schild, 2000), where K- is the dissociation constant of Fura-2
determined in the experimental set-up used for the fluorescence measurements using Fura-2
ca”™ imaging calibration buffers (Molecular Probes; Invitrogen). For Ca”*-free experiments, in
which baseline [Ca®"]; is lower, a correction factor is applied to allow for comparison with
experiments in normal (1.8 mM) Ca’*-conditions.

Table 5.51. Full names of the PBDEs and hydroxylated PBDEs discussed in this paper.

3-OH-BDE-47 3-hydroxy-2,2’,4,4'-tetrabromodiphenyl ether
4’-OH-BDE-49 4’-hydroxy-2,2’,4,5 -tetrabromodiphenyl ether
5-OH-BDE-47 5-hydroxy-2,2’,4,4'-tetrabromodiphenyl ether
6-MeO-BDE-47 6-methoxy-2,2’,4,4’-tetrabromodiphenyl ether
6-OH-BDE-47 6-hydroxy-2,2’,4,4'-tetrabromodiphenyl ether
6’-OH-BDE-49 6’-hydroxy-2,2’,4,5’-tetrabromodiphenyl ether
BDE-47 2,2’,4,4'-tetrabromodiphenyl ether

BDE-49 2,2’,4,5'-tetrabromodiphenyl ether

BDE-99 2,2’,4,4' 5-pentabromodiphenyl ether
BDE-100 2,2’,4,4 6-pentabromodiphenyl ether
BDE-153 2,2',4,4',5,5'-hexabromodiphenyl ether
BDE-209 2,2',3,3',4,4',5,5,6,6'-decabromodiphenyl ether
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Figure 5.51. Distribution of standard deviations (sorted descending) calculated from 5 min baseline ca®
recordings (n=1538, 160 experiments) in normal Ca”*" conditions (1.8 mM Caz+), to determine the
minimum change in [Caz+]i. To prevent false positive results, increases of [Caz+]i to > 175% of baseline
are considered relevant.
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Figure 5.52. Lack of increase in [Ca™; in PC12 cells during exposure to PBDEs. Results are shown as
representative traces (A) of normalized [Caz+]i from individual PC12 cells exposed to DMSO, 20 uM
BDE-47, BDE-49, BDE-99, BDE-100 and BDE-153 for 20 min (applied at t = 0 min as indicated by the
arrowheads) and as average (B, open bars) and amplitude (closed bars) of [Caz+]i during exposure to the
PBDEs. None of the PBDEs increases [Ca2+]i > 175% of baseline (as indicated with dashed line). Data are
shown from 5 to 19 experiments per concentration; numbers below each bar indicate the number of
cells used for data analysis.
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Figure 5.53. Increase in [Caz+]i in PC12 cells during exposure to hydroxylated metabolites of BDE-47.
Results are shown as representative traces of normalized [Caz+]i from individual PC12 cells exposed to 2
or 20 uM 6-OH-BDE-47, 6’-OH-BDE-49, 5-OH-BDE-47, 3-OH-BDE-47 or 4’-OH-BDE-49 for 20 min, applied
as indicated by arrowheads. Note the difference in scaling for 20 uM 6-OH-BDE-47, 5-OH-BDE-47 and
4’-OH-BDE-49 compared to the other traces.

84



Chapter 5

Table 5.52. Effects of OH-PBDEs on the amplitude of initial and late increases in [Ca2+]i in PC12 cells
during 20 min exposure. No initial or late increases were observed during exposure to DMSO, the parent
PBDE congeners (BDE-47, BDE-49, BDE-99, BDE-100 and BDE-153) or 6-MeO-BDE-47. Data are expressed
as mean t SE from the number of cells (n) indicated.

concentration [ca®: amplitude of [ca®: amplitude of late
(uM) initial increase (% of baseline)
increase (% of baseline)
0.2 n.a. n.a.
249 + 9 (n = 40) n.a.
6-OH-BDE-47 2 280 + 15 (n=43) 247 + 15 (n = 18)
316 + 14 (n = 71) 301417 (n = 38)
20 481 + 40 (n = 89) 2485 + 408 (n = 83)
6'-OH-BDE-49 2 n-a na
20 566 + 95 (n = 32) 235+9 (n=24)
0.2 n.a. n.a.
248 £ 22 (n=11) n.a.
5-OH-BDE-47 2 273 £13 (n=40) 306 + 24 (n=18)
443 +56 (n = 31) 302+32(n=22)
20 553 +70 (n=51) 1803 + 155 (n = 52)
3-OH-BDE-47 2 n-a na
20 868 + 127 (n = 42) 236+ 15(n=8)
1 n.a. n.a.
4’-OH-BDE-49 2 n.a. 23127 (n=6)
20 224 +5 (n=33) 2518 + 486 (n = 40)
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Table 5.53. Effects of (OH-)PBDEs, at NOECs based on the amplitude of increase of [Ca2+]i, on the
percentage of cells showing fluctuations and the frequency, duration and amplitude of these
fluctuations. Data are expressed as mean + SE from the number of cells (n) or fluctuations (N) indicated.
Statistical significance compared to DMSO control is indicated by: n.s. not significant; * p <0.05;
** p<0.01; #p<0.001.

concentration % of cells fluctuation fluctuation fluctuation
(M) showing frequency duration (min) amplitude (% of
fluctuations (fluctuations/h) baseline)
DMSO n.a 14 (n = 168) 1.2+0.3 (n = 168) 0.4 +0.0 (N = 65) 205+ 4 (N = 65)
23 (n=26)"* 24+11(n=26)"" | 0.420.1(N=18)"" | 1944 (N=18)""
31 (n = 48)" 2.8+0.9 (n=48) 0.7 £+0.1 (N = 140)" 212 £50
BDE-47 e
(N =140)"
20 23 (n=79)™* 23+0.6(n=79) 0.8+0.2(N=60)" | 202+8(N=60)"*
BDE-49 20 16 (n = 62)™* 1.0+0.4 (n=62)"" 0.5+0.2 (N=21)"* | 2036 (N=21)"*"
BDE-99 20 7 (n=46)" 0.5+0.4 (n=46)"" -2 -2
BDE-100 20 5 (n =40)" 0.2+0.1 (n=40)"" -2 -2
BDE-153 20 11 (n = 44)"* 0.6+0.2 (n=44)"* -2 -2
6-MeO- 20 24 (n=42)"* 1.6+05(n=42)"" | 0.3+£0.0(N=23)"" | 193+4 (N=23)""
BDE-47
0.1 20 (n = 35)"* 1.5+£0.7(n=35"" | 1.1+0.4 (N=18)"" 209+ 11
(N=18)""
6-OH-BDE-47 " e -
0.2 31 (n=58) 1.740.4 (n=58)"" 1.3+£0.4 (N=33) 223+19
(N = 33)".5.
6'-OH- 2 10 (n = 49)™ 0.3£0.2 (n=49)"* no data (N = 5) no data (N = 5)
BDE-49
0.2 14 (n = 50)™* 0.5+0.2 (n=50)"* no data (N =7) no data (N =7)
5-OH-BDE-47 . ns # ns
33 (n=52) 1.6 +0.4 (n=52)"" 2.4+0.5 (N =28) 203+ 4 (N=28)""
10 (n = 49)™ 2008 (n=49)"" | 0.4%0.0(N=50)"" 238+ 24
3-OH-BDE-47 s,
(N = 50)
4-OH- 1 14 (n = 22)"* 1.2+0.8 (n=22)"* no data (N = 9) no data (N = 9)
BDE-49 2 35(n=43)" 43+13(n=43)" 0.8+0.1(N=88)" | 288+20 (N =88)"

a. The number of data points to investigate duration and amplitude of the fluctuations in [ca”™];
is insufficient.
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Table 5.54. Table summarizes the LOECs of BDE-47 and hydroxylated metabolites on cell viability and different parameters of [ca™, investigated in PC12 cells in
the present research. A: Below the mechanisms responsible for effects on Ca®" homeostasis, LOEC values of effects causing a decrease of > 25% in the specific
Ca*'-free experiments (Figure 5.5) are indicated, as well as resulting NOEC levels. B: Below the investigated parameters of fluctuations in [Ca2+]i, LOEC values are
indicated, as well as resulting NOEC levels. When NOEC levels for effects on fluctuations in [Ca2+]i, are lower compared to NOEC values for effects on ca®*
homeostasis related processes, this is indicated by (<). Values of [Ca2+]i and fluctuation parameters are shown in Tables 5.52 and 5.53.

A: Ca®* homeostasis B: fluctuations in [Ca®'];
decreased 9. 2 2 ) fluctuatio . .
cell viability Ca” influx Ca“ release Ca” release NOEC % of cells showing " fluctuation fluctuation NOEC
(extracellular) (ER) (mitochondria) fluctuations duration amplitude
frequency
BDE-47 - - - - 20 uM - 2 uM 2 uM - 1M (<)
BDE-49 - - - - 20 uM - - - - 20 uM
BDE-99 - - - - 20 uM - - - - 20 uMP
BDE-100 - - - - 20 uM - - - - 20 pm®
BDE-153 - - - - 20 uM - - - - 20 uM®
6-MeO-BDE-47 - - - - 20 pM - - - - 20 pM
6-OH-BDE-47 20 uM 1uM 1uM 2uM 0.2 uM 0.2 uM - 0.2uM - 0.1 uM (<)
6’-OH-BDE-49 - - 20 uM - 2 uM 20 uM?® 20 uMm?® 20 uM?® 20 uM?® 2 um®
5-OH-BDE-47 20 uM 1uM 1uM - 0.2 uM 1uM - 1uM - 0.2 um®
3-OH-BDE-47 - - 20 uM 20 uM 2 uM 20 uM® 20 uM® 20 uM® 20 uM® 2 UM
4’-OH-BDE-49 20 uM 20 uM 20 uM 20 uM 2uM 2uM 2uM 2 uM 2uM 1M (<)

b.  Possible effects on parameters of fluctuations are obscured by release of Ca>* from intracellular stores.
C.  The number of data points to investigate duration and amplitude of the fluctuations in [Ca>]; is insufficient to ensure the NOEL.
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OH-PBDEs inhibit depolarization-evoked increase in calcium

Abstract

In vitro studies indicated that hydroxylated polybrominated diphenyl ethers (OH-PBDEs) have
an increased toxic potential compared to their parent congeners. An example is the OH-PBDE-
induced increase of basal intracellular Ca** concentration ([Ca2+]i) by release of ca* from
endoplasmic reticulum (ER) and mitochondria, and/or influx of extracellular ca”.

ER and mitochondria regulate Ca’" homeostasis in close association with voltage-gated
Ca** channels (VGCCs). We therefore investigated whether (OH-)PBDEs also affect the
depolarization-evoked (100 mM K') net increase in [Ca2+]i (depolarization-evoked [Ca2+]i),
measured in neuroendocrine pheochromocytoma (PC12) cells using the Caz+-responsive dye
Fura-2.

PBDEs and methoxylated BDE-47 neither affected basal nor depolarization-evoked
[Ca2+]i, except for BDE-47, which moderately increased fluctuations in basal [Ca2+]i and
depolarization-evoked [Ca**].. OH-PBDEs dose-dependently inhibited depolarization-evoked
[Ca®*]. This inhibition was potentiated by preceding increase in basal [Ca®']. Especially at
higher concentrations of OH-PBDEs (5 - 20 uM), high increases in basal [Ca™']; strongly
inhibited depolarization-evoked [Ca®].. The inhibition appeared more sensitive to increases in
basal [Ca®*]; by Ca’* release from intracellular stores (by 3-OH-BDE-47 or 6-OH-BDE-49)
compared to increases by influx of extracellular ca™ (by 6-OH-BDE-47 or 5-OH-BDE-47). The
expected [Ca’"]; difference close to the membrane suggests involvement of Ca’*-dependent
regulatory processes close to the VGCCs. When co-applied with depolarization, some OH-
PBDEs induced also moderate direct inhibition of depolarization-evoked [Ca’'];.

These findings demonstrate that OH-PBDEs inhibit depolarization-evoked [Caz+]i,
depending on preceding basal [Ca®].. Related environmental pollutants that affect ca®
homeostasis (e.g. polychlorinated biphenyls) may also inhibit depolarization-evoked [Ca™].
Further investigation of possible mixture effects of environmental pollutants is therefore
justified.
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Introduction

Polybrominated diphenyl ethers (PBDEs), a group of brominated flame retardants (BFRs),
have been shown to affect learning and spontaneous behavior in rodents (reviewed in Costa
and Giordano 2007; Fonnum and Mariussen 2009). PBDEs have been detected, occasionally at
high concentrations, in humans and particularly in young children (reviewed in Frederiksen et
al. 2009).

In vitro neurotoxicity and endocrine studies have revealed that oxidative metabolism,
resulting in hydroxylated PBDEs (OH-PBDEs), increases the potency of PBDEs (e.g. Cantdn et
al. 2008; Dingemans et al. 2008; Kojima et al. 2009). Recently, OH-PBDEs have also been
detected in human serum at concentrations similar to those of parent PBDE congeners
(Athanasiadou et al. 2008; Qiu et al. 2009), giving rise to concern about possible neurotoxic
effects in humans.

Possible mechanisms underlying the neurobehavioral effects of PBDEs or their
metabolites have been partly revealed at different biological levels, ranging from structural
and functional effects in the brain, to cellular and molecular effects measured in vitro
(reviewed in Costa and Giordano 2007; Fonnum and Mariussen 2009). These include among
others the effects of (OH-)PBDEs on Ca®* homeostasis (Coburn et al. 2008; Dingemans et al.
2008; Kodavanti and Ward 2005).

During basal conditions, average cytosolic Ca** levels in chromaffin and PC12 cells are
maintained around 100 nM by Ca** buffering and extrusion mechanisms (Duman et al. 2008;
Garcia et al. 2006). However, neuronal signaling also requires rapid, transient increases in
[ca™, triggering various intracellular processes including neurotransmitter release (Barclay et
al. 2005; Clapham 2007). In PC12 cells, rapid increases in [Ca™; in response to depolarization
mainly originate from influx of Ca”" via voltage-gated Ca”* channels (VGCCs) located in the cell
membrane. VGCCs expressed in undifferentiated PC12 cells include L-, N-, P/Q-, R- and T-type
Ca” channels (Del Toro et al. 2003; Liu et al. 1996; Shafer and Atchison 1991). High voltage-
gated L-, N-, and P/Q-type VGCCs account for the majority of the depolarization-evoked
increase in [Ca’]; it has been shown previously that blocking L-, N-, and P/Q-type VGCCs
reduces the depolarization-evoked increase in [Ca2+]i to ~15% of control (Dingemans et al.
2009a).

Previously, the effects of parent PBDE and OH-PBDEs as well as a methoxylated
analogue on basal [Ca’*]; have been investigated in PC12 cells. While the parent PBDEs and
methoxylated 6-MeO-BDE-47 do not affect the average or amplitude of basal [Ca*']; during
20-min exposure, all investigated OH-PBDEs increase basal [ca™: by release of ca” from
endoplasmic reticulum (ER), in some cases combined with release of Ca”* from mitochondria
and/or influx of extracellular Ca*". The potency of OH-PBDEs for affecting basal intracellular
Ca”* concentration ([Ca’'];) is at least partly determined by shielding of the OH-group by
Br-atoms or aromatic rings (Dingemans et al. 2009b).
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Because of the close functional associations of ER and mitochondria with VGCCs for
regulating Ca”* homeostasis (Garcia et al. 2006), the aim of this study was to investigate in a
neuroendocrine in vitro model (PC12 cells) whether OH-PBDEs also affect depolarization-
evoked [Ca™"].

Methods

Chemicals. PBDEs (BDE-47, BDE-49, BDE-99, BDE-100 and BDE-153) and OH-PBDEs (3-OH-
BDE-47, 4’-OH-BDE-49, 5-OH-BDE-47, 6’-OH-BDE-49, 6-OH-BDE-47 and methoxylated
analogue 6-MeO-BDE-47; full names in table 6.1) were synthesized and purified (~99% purity)
at the Department of Environmental Chemistry of Stockholm University as described earlier
(Dingemans et al. 2008, Dingemans et al. 2009b). All other chemicals, unless otherwise stated,
were obtained from Sigma-Aldrich (Zwijndrecht, the Netherlands).

Table 6.1. Full names of the PBDEs and hydroxylated/methoxylated PBDEs discussed in this paper.

6-MeO-BDE-47 6-methoxy-2,2’,4,4’-tetrabromodiphenyl ether
3-OH-BDE-47 3-hydroxy-2,2’,4,4’-tetrabromodiphenyl ether
4’-OH-BDE-49 4’-hydroxy-2,2’,4,5’-tetrabromodiphenyl ether
5-OH-BDE-47 5-hydroxy-2,2’,4,4’-tetrabromodiphenyl ether
6-OH-BDE-47 6-hydroxy-2,2’,4,4’-tetrabromodiphenyl ether
6’-OH-BDE-49 6’-hydroxy-2,2’,4,5’-tetrabromodiphenyl ether
BDE-47 2,2’,4,4'-tetrabromodiphenyl ether

BDE-49 2,2',4,5-tetrabromodiphenyl ether

BDE-99 2,2',4,4' ,5-pentabromodiphenyl ether
BDE-100 2,2’,4,4' 6-pentabromodiphenyl ether
BDE-153 2,2',4,4',5,5 -hexabromodiphenyl ether

PC12 cell culture. Rat pheochromocytoma (PC12) cells were cultured as described previously
(Dingemans et al. 2008).

ca* imaging. Changes in [Ca™]; were measured using the Ca’*-sensitive fluorescent ratio dye
Fura-2 as described previously (Dingemans et al. 2008). Membrane depolarization by 100 mM
K" was used to investigate effects of the (MeO/OH-)PBDEs on the depolarization-evoked
increase in [Ca2+]i. The amplitude of [Ca2+]i within a minute of the start of depolarization was
determined per cell and the net increase (amplitude [Ca’"]; - preceding [Ca®*]; last min prior to
depolarization) was used to investigate effects of PBDEs on depolarization-evoked [ca®"],
both following 20-min pre-exposure to (MeO/OH-)PBDEs (Figure 6.1) and during co-
application of 100 mM K’ and (MeO/OH-)PBDE to investigate direct effects of the
(MeO/OH-)PBDEs.
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Figure 6.1. Exposure of PC12 cells to OH-PBDEs inhibits the depolarization-evoked increase in [ca™].
Representative traces of cytosolic [Ca®']; measurements of individual PC12 cells exposed to different
concentrations 6-OH-BDE-47 are shown, illustrating the reduction of the depolarization-evoked increase
in [Caz+]i by exposure to OH-PBDEs (control: solid line; 2 uM 6-OH-BDE-47: small dash; 20 uM 6-OH-
BDE-47: large dash). During 20 min pre-exposure to OH-PBDEs, an increase in basal [Ca’*]; is observed
(A). The difference between the amplitude of [Ca2+]i (measured within 1 min from the start of
depolarization) and basal [Caz+]i (measured within 1 min before depolarization) is therefore used as the
measure of depolarization-evoked [Caz+]i (depolarization-evoked net increase in [Ca2+]i; B).

Data analysis and statistics. All data are presented as mean + SE from the number of cells (n)
indicated. Statistical analyses were performed using SPSS 16 (SPSS, Chicago, IL, USA).
Categorical and continuous data were compared using respectively Fisher’s exact test and
Student’s t-test, paired or unpaired where applicable. A p-value < 0.05 is considered
statistically significant.

Results

OH-PBDEs dose-dependently inhibit depolarization-evoked net increase in [Ca*'].. In control
cells (20 min exposed to 0.1% DMSO), a robust depolarization-evoked net increase in [Ca”"];
(1.82 £ 0.09 uM, n = 168) was observed in the majority of cells. Exposing PC12 cells for 20 min
to BDE-49, BDE-99, BDE-100 or BDE-153 or methoxylated PBDE 6-MeO-BDE-47 did neither
affect basal [Caz+]i, nor the subsequent depolarization-evoked net increase in [Ca2+]i.
However, cells exposed to 20 uM BDE-47 showed more fluctuations in basal [Ca2+]i, as well as
a larger depolarization-evoked net increase in [Ca’']; (2.46+0.23 uM, n=37, p < 0.01)
compared to control cells (Figure 6.2).
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Figure 6.2. BDE-47 (20 pM) increases depolarization-evoked net increase in [Ca2+]i, while the other
parent PBDEs have no effect. Bar graph shows the amplitudes of depolarization-evoked net increase in
[Ca™; in PC12 cells 20-min pre-exposed to PBDEs. Bars display data from 3 - 5 experiments per PBDE-
treatment (n = 37 - 62; average: 46) and 19 control experiments (n = 168). Difference from control:

** p<0.01.

Previously, it was shown that exposing PC12 cells for 20 min to OH-PBDEs resulted in
increases in basal [Ca2+]i by release of Ca® from intracellular stores and/or influx of
extracellular Ca*" (Dingemans et al. 2009b). A dose-dependent increase in basal [Ca™]; was
observed during exposure to 6-OH-BDE-47 or 5-OH-BDE-47 (lowest-observed effect
concentration; LOEC: 1 uM). 6-OH-BDE-47 and 5-OH-BDE-47 also dose-dependently inhibited
the subsequent depolarization-evoked net increase in [Ca2+]i with a LOEC of respectively 2 uM
and 5 uM and near complete inhibition at 20 uM. During 20-min pre-exposure to 20 uM
6’-OH-BDE-49, 3-OH-BDE-47 or 4’-OH-BDE-49, basal [Ca2+]i increased and the subsequent
depolarization-evoked net increase in [Ca™], was largely inhibited (Figure 6.3; LOEC: 20 uM).
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Figure 6.3. OH-PBDEs inhibit depolarization-evoked net increase in [Ca2+]i at similar LOECs as for
increase in basal [Ca®'],. Bar graph shows the dose-dependent reduction of the depolarization-evoked
net increase in [Ca2+]i by OH-PBDEs. Bars display data from 4 - 8 experiments per MeO/OH-PBDE-
treatment (n =31 - 86; average 54) and 19 control experiments (n = 168). Difference from control:
* p < 0.05; *** p < 0.001.

Increase in basal [Ca’’]; potentiates inhibition of depolarization-evoked net increase in
[Ca*'].. During exposure to OH-PBDES, transient (initial) and/or late increases in basal [Ca*"];
are observed (Dingemans et al. 2009b). When comparing the depolarization-evoked net
increase in [Ca2+]i in cells with only a transient or only a late increase in basal [Caz+]i, the
depolarization-evoked net increase in [Ca2+]i in cells with a late increase is within the same
range as in cells with a transient increase in basal [ca™: (data not shown). Therefore, the
average net increase in basal [Ca”'], measured during 20-min pre-exposure was used as a
measure for basal [Ca“]i disruption to investigate correlations between net increases in basal
and depolarization-evoked [Ca”"]..

A negative association exists between average net increases in basal [Caz+]i and the
depolarization-evoked net increase in [Ca2+]i when taking in account all different OH-PBDE
treatments. Plotting the depolarization-evoked net increase in [Ca™: only from individual
cells exposed to 6-OH-BDE-47 (at different concentrations) against their preceding net
increase in basal [Ca2+]i revealed that in cells of which the average basal [Ca2+]i increased with
>55nM, depolarization-evoked net increase in [Ca2+]i was near-completely inhibited
(Figure 6.4A). This was also observed for the other OH-PBDEs, although with varying threshold
values of net increase in basal [Ca2+]i for near-complete inhibition of the depolarization-
evoked net increase in [Ca2+]i (full-inhibition-thresholds): 6’-OH-BDE-49: 20 nM; 5-OH-BDE-47:
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55 nM; 3-OH-BDE-47: 25 nM; 4’-OH-BDE-49: 25-50 nM. These full-inhibition-threshold values
were determined from frequency distribution of near-completely inhibited depolarization-
evoked net increases in [Ca2+]i (<100 nM) for net increase in basal [Ca2+]i values (5 nM
intervals). The full-inhibition-threshold was identified by a rapid increase (to 100%) in the
percentage of cells with inhibited depolarization-evoked net increases in [Ca®].. The full-
inhibition-threshold for 4’-OH-BDE-49 (25-50 nM) could not be specified further due to a lack
of data-points in this range of net increase in basal [Ca2+]i.
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Figure 6.4. Net increases in basal [ca™"]; higher than the ‘“full-inhibition-threshold’ completely inhibits
depolarization-evoked net increase in [Caz+]i. A. Examples of associations of net increase in basal versus
depolarization-evoked net increase in [Caz+]i. Determined ‘full-inhibition-thresholds’ are indicated by
dashed lines. B. When cells with net increases in basal [Ca2+]i > full-inhibition-threshold are removed, the
inhibition of depolarization-evoked net increase in [Ca2+]i is still dependent on net increases in basal
[Ca2+]i. Different sensitivities of the depolarization-evoked net increase in [Ca2+]i for net increases in
basal [Caz+]i are observed for 6’-OH-BDE-49 and 3-OH-BDE-47 versus 6-OH-BDE-47 and 5-OH-BDE-47.
Scatter display data from 3 - 8 experiments per OH-PBDE-treatment (n =21 - 86; average 44) and 19
control experiments (n = 168). Each data point represents depolarization-evoked net increase in [Ca2+]i
in PC12 cells exposed to a OH-PBDEs at a single exposure concentration (as indicated in figure,
identifiable from left to right by increasing net increases in basal [Caz+]i). Difference from control:
* p <0.05; *** p<0.001.

96



Chapter 6

Moderate OH-PBDE-induced net increases in basal [Ca”],- inhibit depolarization-evoked net
increases in [Caz+];. In all cells with net increases in basal [Ca2+]i above the full-inhibition-
threshold, near-complete inhibition of depolarization-evoked net increase in [Ca2+]i is
observed (5 uM 6-OH-BDE-47: 0.01 £ 0.01 uM, n =19; 20 uM 6’-OH-BDE-49: 0.00 + 0.00 uM,
n=46, 5 UM 5-OH-BDE-47: 0.21+0.16 puM, n=7; 20 uM 3-OH-BDE-47: 0.10 + 0.03 uM,
n =41). To remove the influence of high net increase in basal [Ca2+]i, cells with a net increase
in basal [Ca2+]i higher than the full-inhibition-threshold were excluded from the following
analysis. Subsets of cells with a net increase in basal [Ca2+]i below the full-inhibition-threshold
could only be identified within the groups of cells exposed to 5 uM 6-OH-BDE-47, 20 uM
6’-OH-BDE-49, 5 uM 5-OH-BDE-47 or 20 uM 3-OH-BDE-47. When cells with a high net increase
in basal [Ca2+]i are removed, the inhibition of depolarization-evoked net increases in [Ca2+]i is
still associated with preceding net increases in basal [Ca™.. In figure 6.4B, a difference in
sensitivity of inhibition of depolarization-evoked net increase in [Ca2+]i for net increase in
basal [Ca2+]i can be seen for 6’-OH-BDE-49 and 3-OH-BDE-47 versus 6-OH-BDE-47 and 5-OH-
BDE-47.

OH-PBDE directly inhibit depolarization-evoked net increase in [Ca*']. To investigate
whether the effects of the OH-PBDEs depend on pre-exposure, in separate experiments
20 uM of OH-PBDE was applied only during depolarization (Figure 6.5).
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Figure 6.5. Several OH-PBDEs directly inhibit depolarization-evoked net increase in [Ca2+]iA An additional
increase (representative trace in inset) is also observed in all cells during exposure to 20 uM 6-OH-
BDE-47, 20 uM 6’-OH-BDE-49, 20 uM 5-OH-BDE-47 and in 76% of cells exposed to 20 uM 3-OH-BDE-47
(n =19). Bars display depolarization-evoked (closed bars) and additional (open bars) net increases in
[Ca2+]i data from 3 - 4 experiments per treatment (n = 25 - 39; average 31). Difference from control:
*p<0.05.
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In control cells, depolarization-evoked net increase in [Ca2+]i increased with 2.95 +0.28 uM.
During exposure to 20 uM 6-OH-BDE-47, 3-OH-BDE-47 or 4’-OH-BDE-49, the depolarization-
evoked net increase in [Ca’*]; was inhibited to approximately 75% of control. Interestingly,
during exposure to 6-OH-BDE-47, 6’-OH-BDE-49, 5-OH-BDE-47 and 3-OH-BDE-47, an
additional increase is observed (Figure 6.5, inset). For 6-OH-BDE-47, 6’-OH-BDE-49 and 5-OH-
BDE-47, the amplitude of this additional increase is larger than the depolarization-evoked net
increase in [Ca™"]; (approximately 4 - 6 uM; Figure 6.5). During exposure to 3-OH-BDE-47, the
additional increase in [Ca2+]i is smaller than the depolarization-evoked net increase in [Ca2+]i,
and is observed in only 76% of the cells. Additional increases last approximately 5 min from
the start of depolarization, and amplitudes of the additional increase in [Ca’*]; are reached
1 - 4 min after the start of depolarization (data not shown). During exposure to 4’-OH-BDE-49,
an additional increase is not observed.

Discussion

OH-PBDEs dose-dependently inhibit the depolarization-evoked net increase in [Ca®); after
20-min pre-exposure. This inhibition at least partly depends on net increase in basal [ca™:
during pre-exposure to OH-PBDEs. Especially at high concentrations, OH-PBDEs induce high
net increases in basal [Ca’*]; that near-completely inhibit depolarization-evoked net increases
in [Ca2+]i (‘Ca2+-induced inhibition’, see below). When cells with a high net increase in basal
[Ca2+]i are excluded from data-analysis, inhibition associated with a net increase in basal
[Ca2+]i is still observed (’Caz+—mediated inhibition’, see below). Moderate inhibition of the
depolarization-evoked net increase in [Ca2+]i was also observed for some OH-PBDEs when co-
applied with depolarization (‘direct inhibition’, see below). No or subtle effects were observed
on basal and depolarization-evoked net increases in [Ca*']; during exposure to parent PBDEs
and 6-MeO-BDE-47.

From the combined data it can be concluded, that when the average net increase in
basal [Ca2+]i is larger than a certain value (full-inhibition-threshold), the depolarization-evoked
net increase in [Ca’]; is near-completely inhibited (Ca’*-induced inhibition). During
depolarization, Ca™- and voltage-dependent processes desensitize VGCCs (Catterall 2000).
Membrane-depolarization should have been similar in all experimental exposure conditions,
as no evidence exists for direct depolarization induced by (OH-)PBDEs. Therefore, the
inhibitory effect on depolarization-evoked net increase in [Ca**]; observed in cells with high
net increases in basal [Ca’*]; (Ca®*-induced inhibition) is likely mediated by Ca”*-induced
desensitization of VGCCs (reviewed in Budde et al. 2002).

Interestingly, the full-inhibition-threshold for Ca’*-induced desensitization of VGCCs
varied between OH-PBDEs. When considering different sources of Ca’* responsible for
preceding net increases in basal [Ca**]; (Dingemans et al. 2009b), it is apparent that for those
OH-PBDEs that induce influx of extracellular Ca®* besides Ca** release from intracellular stores
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(6-OH-BDE-47 and 5-OH-BDE-47), the threshold for Ca’*-induced desensitization of VGCCs is
higher compared to the threshold observed for those OH-PBDEs that mainly induce Ca**
release from intracellular stores (6’-OH-BDE-49 and 3-OH-BDE-47; Dingemans et al. 2009b).
Because of spatial differences between these processes, higher concentrations of [Ca®"]; are
expected in local membrane-associated Ca’* microdomains during pre-exposure to 6-OH-
BDE-47 and 5-OH-BDE-47, compared to 3-OH-BDE-47 and 6’-OH-BDE-49. It is noteworthy that
this difference is larger than when comparing measured increases in basal [Ca2+]i, because a
cytosolic average is measured. Therefore, increases in [Ca2+]i close to the membrane are
overestimated when release of Ca** from intracellular stores is involved, but underestimated
when influx of extracellular Ca®* is involved. The presumed difference in membrane-
associated [Ca’']; suggests Ca’’-dependent regulation of the observed Ca”*-induced
desensitization of VGCCs (higher full-inhibition-thresholds). As Ca’*-induced desensitization
involves calmodulin as Ca** sensor in complex with VGCCs (Kim et al. 2004), this is a potential
target for the regulatory processes caused by preceding increase in basal [Ca*]; induced by
OH-PBDEs.

LOECs for inhibition of depolarization-evoked net increase in [Ca’'];, are comparable
with LOECs for preceding increases in basal [Caz+]i (Dingemans et al. 2009b). However, the
observed effects on depolarization-evoked net increase in [Ca™]; are confounded by large
preceding net increases in basal [Ca™; at high concentrations of OH-PBDEs. When cells with a
high net increase in basal [Ca2+]i are excluded, inhibition of depolarization-evoked net
increase [Ca2+]i still depends on preceding net increases in basal [Ca“]i (Ca2+-mediated
inhibition; Figure 6.4B). Interestingly, inhibition of depolarization-evoked net increases in
[Ca®*]; appeared more sensitive to increases in basal [Ca**]; by 3-OH-BDE-47 and 6’-OH-BDE-49
than to increases in basal [Ca™*]; by 6-OH-BDE-47 and 5-OH-BDE-47. Since higher sensitivities
to increases in basal [Ca’"]; coincide (Figure 6.4B) with lower thresholds for Ca”*-induced
desensitization (Figure 6.4A), these processes appear associated and dependent on
membrane-associated [Ca2+]i (as discussed above).

When co-applied with depolarization, 20 uM 6-OH-BDE-47, 20 uM 3-OH-BDE-47 and
20 uM 4’-OH-BDE-49 inhibit the depolarization-evoked net increase in [ca™], suggesting
direct inhibition of VGCCs by these OH-PBDEs (direct inhibition; Figure 6.5). For 6-OH-BDE-49,
5-OH-BDE-47 and 3-OH-BDE-47, the relative inhibition of the depolarization-evoked net
increase in [Ca”']; is larger after 20-min pre-exposure compared to co-application, indicating
pre-exposure-dependent effects, which affirms the hypothesis on regulatory processes.

Only after exposure to BDE-47, the depolarization-evoked net increase in [Ca2+]i is
enhanced to approximately 135% of control. At concentrations of OH-PBDEs that induce an
increase in the frequency, amplitude or duration of fluctuations in [ca™]; (0.2 UM 6-OH-
BDE-47, 1 uM 5-OH-BDE-47, 2 uM 4’-OH-BDE-49; Dingemans et al. 2009b), a small (not
significant) increase in the depolarization-evoked net increase in [Ca’']; is also observed (not
for 2 uM 4’-OH-BDE-49). This may be due to facilitation of VGCC by the increased number of
preceding fluctuations in basal [Ca®"].. Also, release of Ca”* from intracellular stores is involved
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in the depolarization-evoked increase in [ca™: by Ca**-induced Ca’* release (reviewed in
Garcia et al. 2006). Possibly, intracellular stores have compartmentalized more Ca>* because
of the increase in fluctuations by BDE-47. This could moderately increase the depolarization-
evoked net increase in [Ca”"]..

Based on the temporal characteristics of the additional increase in [Ca2+]i observed
during co-application of K" and 20 uM of 6-OH-BDE-47, 6’-OH-BDE-49, 5-OH-BDE-47 and to a
lesser extent 3-OH-BDE-47, this is likely caused by the previously described release of ca”
from intracellular Ca®* stores (mainly ER; Dingemans et al. 2009b), although with much higher
amplitude. Possibly, this higher amplitude occurs because involved Ca”* stores are charged by
Ca”" originating from influx through VGCCs.

As discussed above, thresholds for Ca’*-induced desensitization of VGCCs and
sensitivity of depolarization-evoked net increase in [Ca™; to preceding net increase in basal
[Caz+]i appear associated with OH-PBDE-induced changes in membrane-associated [Ca2+]i, i.e.,
in close proximity to VGCCs. Ca’* currents through VGCCs are regulated by protein kinases,
mainly protein kinase C (PKC), protein kinase A (PKA) and Ca’*/calmodulin-dependent protein
kinase Il (CaMKIl), and phosphatases (reviewed in Catterall 2000; Dai et al. 2009). These
kinases and phosphatases are also involved in regulation of inositol triphosphate (IPs)
receptor-mediated and ryanodine receptor-mediated Ca’* release from ER (reviewed in
Vanderheyden et al. 2009; Zalk et al. 2007).

Some evidence exists for interaction of PBDEs with PKC. Influx of extracellular Ca** by
PBDEs and polychlorinated biphenyls (PCBs) was caused by the release of arachonidic acid, a
second messenger involved in, among other things, PKA and PKC activation (Kodavanti and
Derr-Yellin 2002). BDE-99 activates PKC (Madia et al. 2004), while PCBs and PBDEs also
increase PKC translocation (Dorn and Mochly-Rosen 2002) and affect its binding to IPs-
receptors (Kodavanti et al. 1994; Kodavanti and Ward 2005; Shafer et al. 1996). PKC is also
known to phosphorylate IPs-receptors causing increased IP;-mediated Ca”* release from ER
(Matter et al. 1993). PCBs and PBDEs have also been demonstrated to activate IP; kinase
(Reistad and Mariussen 2005; Voie and Fonnum 2000). Additionally, several studies revealed
effects of PBDEs on (phosphorylated-activated-)CaMKIl levels in mice exposed to PBDEs
(Dingemans et al. 2007; Viberg 2009a; Viberg et al. 2008). Phosphorylation of VGCCs by
CaMKIl facilitates Ca>* currents (Lee et al. 2006). Like PKC, CaMKIl also phosphorylates IP;
receptors, thereby controlling IP;-mediated Ca’* release from ER (Zhang et al. 1993).
Therefore, effects of OH-PBDEs on PKC- and/or CamKll-mediated processes are possibly
involved in the observed release of Ca** from intracellular stores by OH-PBDEs (Dingemans et
al. 2009b).

For the first time, it is demonstrated here that OH-PBDEs not only increase basal
[Ca2+]i, but also inhibit depolarization-evoked [Ca2+]i. Because of the abovementioned similar
effects of PBDEs and PCBs on [Ca2+]i and related protein kinases, the observed inhibition of
depolarization-evoked [Ca2+]i, as well as the potentiation of inhibition of
depolarization-evoked [Ca”*]; by preceding increases in basal [Ca®*]; might be not specific for
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OH-PBDEs. It is not unlikely that the observed inhibition also has functional consequences for
depolarization-evoked neurotransmitter release in neuronal cells, but possibly also for other
more general Ca**-related processes, such as apoptosis and gene transcription (Clapham
2007).

In summary, OH-PBDEs inhibit the depolarization-evoked net increase in [Ca2+]i.
Regulatory mechanisms, possibly related to protein kinases, likely play a role in the basal
[Ca2+]i dependent inhibition of depolarization-evoked net increase in [Ca2+]i (Ca2+-induced
inhibition and Ca**-mediated inhibition), but also moderate direct inhibition is observed. The
observed inhibition might also occur in the in vivo situation, in which resting and stimulated
states of neurons alternate, with varying temporal characteristics. As (spontaneous) neuronal
activity is essential in early brain development and brain function (Spitzer 2006; Moody and
Bosma 2005), an imbalance in neuronal activity by the observed increase in basal [Ca2+]i and
inhibition of depolarization-evoked [Ca®); could play a role in the observed neurobehavioral
effects of PBDEs and possibly PCBs. Further investigation of possible mixture effects of
environmental pollutants is therefore justified.
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BDE-47 and 6-OH-BDE-47 increase [Ca2+]i in hNPCs

Abstract

Polybrominated diphenyl ethers (PBDEs), which are bioaccumulating in human tissues, raise
concern for developmental neurotoxicity. Hydroxylated metabolites of 2,2°,4,4'-
tetrabromodiphenyl ether (BDE-47), which have also been detected in humans, have been
demonstrated to increase intracellular calcium levels [Caz+]i in rat pheochromocytoma (PC12)
cells, at lower concentrations than their parent congener BDE-47. In this study, possible
effects of BDE-47 and the hydroxylated metabolite 6-OH-BDE-47 on [Ca’’]; were investigated
in a heterogeneous in vitro model for neurodevelopment, i.e., human neural progenitor cells
(hNPCs), by using the fluorescent Ca”*-sensitive dye Fura-2.

Acute exposure of hNPCs to BDE-47 (> 2 uM) or 6-OH-BDE-47 (> 0.2 uM) resulted in a
significant increase in [Ca™].. Additional experiments under Ca’*-free conditions revealed that
BDE-47 induced influx of extracellular Ca®*. 6-OH-BDE-47 induced an early persistent increase
combined with a transient increase in [Ca2+]i as well as a late increase in [Ca2+]i. Emptying
intracellular mitochondrial and endoplasmic Ca** stores, by respectively FCCP and
thapsigargin under Ca”*-free conditions revealed that the transient increase depends mainly
on Ca”" release from the endoplasmic reticulum, whereas the early persistent increase in
[Ca®]; is mainly due to Ca”" release from mitochondria. The late increase in [Ca®']; is caused by
influx of extracellular Ca®*,

Both parent BDE-47 and the hydroxylated metabolite 6-OH-BDE-47 disturb Ca®*
homeostasis in hNPCs. As previously observed in PC12 cells, the hydroxylated metabolite has
a higher potency than the parent compound. However, the lowest-observed-effect
concentrations of both BDE-47 and 6-OH-BDE-47 are an order of magnitude lower in the
hNPCs compared to in PC12 cells, suggesting a higher sensitivity for disturbance of ca™
homeostasis in human neural progenitor cells. These findings affirm that oxidative
metabolism should be included in the risk assessment for developmental toxicity of PBDEs in
humans.
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Introduction

A number of studies have established the almost ubiquitous presence of polybrominated
diphenyl ethers (PBDEs) in the environment, in animals and in humans (reviewed in
Frederiksen et al. 2009; Law et al. 2003). 2,2°,4,4"-tetrabromodiphenyl ether (BDE-47) is the
predominant PBDE congener in human blood samples (Hites 2004). The greatest concern for
potential adverse health effects of PBDEs relates to their developmental neurotoxicity (DNT;
reviewed in Costa and Giordano 2007). Previous data demonstrated that PBDEs administered
during pregnancy and/or within the first weeks after birth alter neurobehavior of the
offspring in rodents ranging from altered motor activity over changes in sweet preference to
impairment of cognitive functions (Cheng et al. 2009; Eriksson et al. 2002; Lilienthal et al.
2006; Viberg et al. 2003a). Additional research demonstrated that these behavioral effects
are possibly related to decreased hippocampal synaptic plasticity: decreased long-term
potentiation (LTP) was measured after developmental exposure to BDE-47 or BDE-209
(Dingemans et al. 2008; Xing et al. 2009a).

In a rat pheochromocytoma (PC12) cell line, disruption of calcium homeostasis by
BDE-47 was demonstrated (Dingemans et al. 2008, 2009b). Recent studies demonstrated that
PBDEs and structurally related ortho-substituted polychlorinated biphenyls (PCBs) increase
[Ca®]; in different neural and neuroendocrine cell types and disrupt Ca”* homeostasis in
rodent microsomes isolated from different brain regions (reviewed in Fonnum and Mariussen
2009).

It was also demonstrated in PC12 cells that the effects on calcium homeostasis are
more pronounced for hydroxylated PBDEs (OH-PBDEs) compared to their parent compound
BDE-47 (Dingemans et al. 2008, 2009b). Thus, oxidative metabolism adds to the neurotoxic
potential of PBDEs. Also in in vitro studies on endocrine parameters, higher activity of
hydroxylated PBDE metabolites compared to their parent congeners was observed (Cantén et
al. 2005; Harju et al. 2007; Meerts et al. 2001). In vivo conversion of PBDEs to hydroxylated
metabolites was confirmed by toxicokinetics studies (Huwe et al. 2007; Malmberg et al. 2005;
Staskal et al. 2006b) and high amounts of hydroxylated metabolites have been detected in
blood of humans (Athanasiadou et al. 2008), especially in fetal blood samples (Qiu et al.
2009).

The early-response second messenger Ca’* plays a key role in a number of
physiological processes, including cell proliferation, differentiation and apoptosis (Berridge et
al. 2000; Clapham 2007). The complex spatial and temporal properties of intracellular ca”*
signals also encode a wide variety of specific neuronal processes, including dendritic spine
growth, synaptic plasticity and neurotransmission (Boulware and Marchant 2008). ca’" influx
as well as Ca’* release from intracellular Ca>* stores, such as endoplasmic reticulum (ER) or
mitochondria, define the magnitude, time course and spatial spread of the Ca®* signal
(Berridge et al. 2000; Laude and Simpson 2009).
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As PBDEs have been shown affect neurobehavior after developmental exposure in
rodents, PBDEs are of concern to cause DNT in humans. However, no data exists on the
impact of PBDEs on human brain development, neither from epidemiological studies nor from
investigations in human cells in vitro. An in vitro neurosphere system with human neural
progenitor cells (hNPCs) was developed, in which basic processes of brain development,
namely proliferation, migration, differentiation and apoptosis, can be investigated. This
cellular model has previously been used to investigate DNT of PCBs, methylmercury and
mercury (Fritsche et al. 2005, Moors et al. 2009). Recently, it was demonstrated that BDE-47
and BDE-99 affect migration and differentiation of hNPCs via endocrine disruption of cellular
thyroid hormone signaling after one week of exposure (Schreiber et al. 2009). In the present
study, it was investigated whether acute effects on [Ca2+]i could be involved in the previously
observed effects of PBDEs in hNPCs.

Materials and Methods

Chemicals. BDE-47 and 6-OH-BDE-47 were synthesized and purified (~99% purity) at the
Department of Environmental Chemistry of Stockholm University as described by Marsh et al.
(1999). Dibenzo-p-dioxins and dibenzofurans were removed from the PBDEs with a charcoal
column as described by Orn et al. (1996). All additional chemicals used (unless otherwise
noted) were purchased from Sigma-Aldrich (Zwijndrecht, the Netherlands).

Cell culture. The hNPCs used in this study were prepared from a single donor (Lonza Verviers
SPRL, Belgium). hNPCs were cultured in proliferation medium (Dulbecco’s modified Eagle
medium and Hams F12 (3:1) supplemented with B27 (Invitrogen GmBH, Karlsruhe, Germany),
20 ng/ml epidermal growth factor (Biosource, Karlsruhe, Germany) and 20 ng/ml recombinant
human fibroblast growth factor (R&D Systems, Wiesbaden-Nordenstadt, Germany) in
suspension culture as previously described (Moors et al. 2007, 2009). For Ca** imaging
experiments, hNPCs were differentiated by growth factor withdrawal in differentiation
medium (Dulbecco’s modified Eagle medium and Hams F12; 3:1; supplemented with N2;
Invitrogen) and plated onto poly-p-lysine/laminin coated cover glasses (MatTek, Ashland MA,
USA).

Calcium imaging. Ratiometric calcium imaging was performed as described previously
(Dingemans et al. 2008). Briefly, cells were loaded with 5 uM Fura-2-AM (Molecular Probes;
Invitrogen) in saline for 20 min at room temperature. Subsequently, the cells were washed
with external saline and placed on the stage of a microscope equipped with a TILL Photonics
Polychrome IV (TILL Photonics GmbH, Grafelfing, Germany). Fluorescence (emission
wavelength: 510 nm) was recorded every 6 sec (excitation wavelengths at 340 and 380 nm;
Fas0 and Fzgo) with a CCD camera (TILL Photonics GmbH). Data collection and digital camera
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and polychromator control were performed by imaging software (TILLvisION, version 4.01).
F340/F350 Was calculated and data were analyzed using custom-made Excel macros (Microsoft
Corp., Redmond, WA, USA).

Cells were exposed to 0.2 - 20 uM BDE-47 or 0.02 - 20 uM 6-OH-BDE-47 for 20 min,
after 5 min baseline recording. In specific experiments, in which intracellular Ca”* stores were
emptied by 10 min pre-incubation with 1 uM thapsigargin (TG) and 1 uM carbonyl cyanide
4-(trifluoromethoxy) phenylhydrazone (FCCP), cells were exposed to 20 uM BDE-47 or 6-OH-
BDE-47 for 15 min. For the experiments under Ca**-free conditions, Fura-2-loaded cells were
washed with Ca**-free external saline (containing 10 uM EDTA) just before the imaging
experiments. Maximum and minimum ratios were determined after 25 min recording by
addition of ionomycin (5 uM) and ethylenediamine tetraacetic acid (EDTA; 17 mM) as a
control for experimental conditions.

LDH assay. Cell viability was measured using a lactate-dehydrogenase (LDH) assay (CytoTox-
One, Promega) as previously described (Moors et al. 2009). Briefly, supernatants from cells
that were exposed to 0.02 - 20 uM BDE-47 or 6-OH-BDE-47 for 20 min were collected and
incubated 1:1 with the CytoTox-One reagent for 4 h prior to detection of fluorescence
(excitation wavelength: 540 nm; emission wavelength: 590 nm). Complete lysis of cells with
the included lysis buffer for 2 h at room temperature serves as positive control.

Data analysis and statistics. To determine effects on [Ca2+]i, F140/F3s0 vValues were normalized
to the average Fis0/Fsg0 during 5 min baseline recording. An increase in the normalized
fluorescence ratio of more than 1.2 was considered as an increase in [Caz+]i and was used for
further data analysis. All data are presented as mean + SE from the number of cells (n)
indicated. Categorical data were compared using Fisher’s exact and chi-square tests. We
compared continuous data using paired Student’s t-test. A p-value < 0.05 was considered
statistically significant.

Results

BDE-47 as well as 6-OH-BDE-47 increase [Ca’’]; in human neural progenitor cells. The acute
effects of BDE-47 and 6-OH-BDE-47 were investigated in cells that had grown out from the
hNPC neurosphere during differentiation.

BDE-47 induced a concentration-dependent increase in [Caz+]i with a lowest-observed-
effect concentration (LOEC) of 2 uM (Figure 7.1A and 7.2A). At an exposure concentration of
20 uM BDE-47, the amplitude of [Ca2+]i was increased to 2.1+ 0.2 F340/Fsg0 (normalized to
baseline). Multiple transient increases in [Ca’']; were observed starting 3 - 5 min after
application of BDE-47 (2 - 20 uM).
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Exposure of differentiated hNPCs to 6-OH-BDE-47 also induced a concentration-
dependent increase in [Ca”'], with a LOEC of 0.2 pM (Figure 7.1B and 7.2B). At an exposure
concentration of 20 uM 6-OH-BDE-47, the amplitude of [Ca2+]i was increased to 5.7 0.5
Fsa0/F3go (normalized to baseline). 6-OH-BDE-47 caused a persistent [Ca®"]; elevation starting
0 - 1 min after 6-OH-BDE-47 application (early persistent increase) in concentrations = 0.2 uM.
At 20 uM 6-OH-BDE-47, the early persistent increase in [Ca*]; was combined with a transient
[Ca2+]i increase within the first 5 min after application. Also, a late (> 10 min) increase in [Ca2+]i
was observed. Some cells showed a very high [Ca’']; increase without recovering
(Figure 7.1B).

A B [Ca™] increase terminology late
14 0.1 % DMSO transient
" ﬂ I~ "~ - early
14 0.2 uM BDE-47 14 0.2 uM 6-OH-BDE-47
1.0 1.0
2 uM BDE-47 2 uM 6-OH-BDE-47

20 uM 6-OH-BDE-47

F340/F380 (normalized to baseline)

F340/F380 (normalized to baseline)

o1 -

t (min)

Figure 7.1: Increase in [Ca2+]i in human neurospheres during exposure to BDE-47 or 6-OH-BDE-47.
Results are shown as representative traces of normalized F340/F3g ratio, from individual cells exposed to
0.2 to 20 uM BDE-47 (A) or 0.2 to 20 uM 6-OH-BDE-47 (B) for 20 min, applied at t = 0 min, as indicated.
Note the difference in scaling for 20 uM. On top of the 6-OH-BDE-47 example traces, a legend of the
terminology for different increases in [Ca2+]i (early persistent, transient and late) is shown.
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Figure 7.2: Occurrence of [Caz+]i disturbances and amplitude of [Caz+]i during exposure to BDE-47 or
6-OH-BDE-47. Al and B1. Bars indicate the percentage of cells showing an increase in [Ca2+]i within
20 min after application. A2 and B2. Bars indicate average and amplitudes of increase in [ca™; after
application. Data shown are from 3 - 4 independent experiments (mean + SE). Numbers above the bars
(A1 and B1) indicate the number of cells using for data analysis (both for percentage of responding cells
and normalized F340/F350). * Significances compared to control (p < 0.05).

PBDE-induced increases in [Ca®’]; originate from extracellular and intracellular stores. To
investigate the underlying mechanisms of the observed increases in [Ca2+]i, additional Ca**-
imaging experiments were performed with BDE-47 and 6-OH-BDE-47 (20 uM) in
differentiated hNPCs under Ca**-free conditions. To identify the intracellular stores
responsible for the observed increases in [Ca®); additional Ca®" imaging experiments were
performed. In these experiments, mitochondrial and TG-sensitive ER Ca’* stores were
depleted by pretreatment with TG and FCCP, respectively, under Ca**-free conditions. TG and
TG/FCCP pretreatments increase [Ca2+]i transiently, after which the baseline stabilizes.

In these experiments, BDE-47 induced only very few fast transient [Ca2+]i increases. Compared
to BDE-47 exposure under physiological (1.8 mM) Ca**-conditions, where up to 4
transients/cell were recorded, only 1 transient/cell was measured under Ca’*-free conditions
in only ~25% of the cells (Figure 7.3A). Moreover, both the number of responsive cells and
the amplitude of the increase in [Ca2+]i were decreased under Ca**-free conditions from 83%
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to 26% and the amplitude of the [Ca™; increase was significantly smaller (1.2 £0.1; 1.7 £ 0.1,
Figure 7.3C and 7.3D). In cells in which ER Ca’* stores were depleted with TG, increases in
[Ca®*]; were completely absent during exposure to BDE-47 (data not shown).
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Figure 7.3: Release from intracellular Ca® stores in human neurospheres during exposure to BDE-47 or
6-OH-BDE-47. Results are shown as representative traces of [Ca2+]i measurements of individual cells
exposed to 20 uM 6-OH-BDE-47 (A) or BDE-47 (B) for 15 min, applied at t = 0 min. The diagrams show
percentage of responding cells (C) and the amplitude of increase in [Caz+]i (D). Data shown are from 3 -4
independent experiments (mean * SE). Numbers above the bars (C) indicate the number of cells using
for data analysis (both for percentage of responding cells and normalized F340/Fsg). * Significances
compared as indicated (p < 0.05).
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During exposure to 6-OH-BDE-47, the number of responding cells did not change
under Ca**-free conditions (Figure 7.3C). The early persistent and the transient increases in
[Ca®*]; were still present, while the late increase was not observed (Figure 7.3B). The average
and the amplitude of [Ca**]; were lower under Ca**-free conditions compared to physiological
Ca”* conditions (Figure 7.3D). During exposure to 6-OH-BDE-47 after depletion of endoplasmic
Ca’ stores, the number of responding cells and amplitude of [Ca™]; were decreased
(Figure 7.3C and 7.3D). The early persistent 6-OH-BDE-47-induced increase in [Ca™); still
remained in presence of TG, although delayed by several minutes. When mitochondrial Ca**
stores were also depleted under Ca**-free conditions, number of responding cells and
amplitude of [Ca®*]; were not decreased (Figure 7.3C and 7.3D). However, the early persistent
increase in [Ca”']; was no longer observed, although a small, late increase in [Ca®]; remained
(Figure 7.3B).

BDE-47 and 6-OH-BDE-47 are not cytotoxic in hNPCs. Possible acute cytotoxicity of BDE-47 or
6-OH-BDE-47 in differentiated hNPCs was investigated using a LDH assay. hNPCs were
exposed to different concentrations of BDE-47 or 6-OH-BDE-47 for 20 min, after which the
supernatant was collected and LDH release was analyzed. An exposure up to 20 pM BDE-47 or
6-OH-BDE-47 did not increase LDH release from the cells compared to solvent control (data
not shown).

Discussion

This study demonstrated that BDE-47 and 6-OH-BDE-47 acutely increase [Ca2+]i in
differentiated hNPCs. PBDEs have been shown to affect Ca®* homeostasis in microsomes
(Kodavanti and Ward 2005) and to reduce Ca®* uptake by brain microsomes and mitochondria
(Coburn et al. 2008) at relatively high concentrations. Increase in [Ca*']; was previously also
observed in PC12 cells during exposure to BDE-47 (Dingemans et al. 2007). Disruption of ca®
homeostasis by PBDEs could be involved in the previously observed induction of reactive
oxygen species production, neurotransmitter release and re-uptake, activation of protein
kinases and related processes (reviewed in Fonnum and Mariussen 2009).

The effects on calcium homeostasis in PC12 cells were more pronounced for the
hydroxylated metabolite 6-OH-BDE-47 compared to the parent compound BDE-47
(Dingemans et al. 2008, 2009b). This was also observed in this study in differentiated hNPCs,
in which different increases were observed: early persistent, transient and late increases in
[Caz+]i. As Ca’' is essential in cell proliferation and differentiation (Berridge et al. 2000), the
observed acute increases in [Ca’']; are possibly involved in the previously observed effects of
BDE-47 on differentiation and migration of hNPCs (as described in Schreiber et al. 2009).

The removal of Ca** from external saline results in a dramatic decrease in number of
responding cells during exposure to BDE-47. This indicated that the transient increases
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induced by BDE-47 are caused by influx of extracellular Ca’. After depletion of ER under ca™-
free conditions, transient increases are completely absent, indicating that a small number of
the transient increases are originating from Ca’' release from the ER.

During exposure to 6-OH-BDE-47 under Ca’*-free conditions, the late increase is
completely absent. This indicates that the late increase induced by 6-OH-BDE-47 originates
mainly from influx of extracellular Ca®*. Possible routes for Ca’*-influx are influx of
extracellular Ca** through voltage-gated Ca”*-channels (Catterall 2000) or store-operated ca®
entry (SOCE) channels (Parekh and Putney 2005). Furthermore, the loss of membrane
integrity can result in an unspecific increase in [Ca2+]i_ However, it is unlikely that BDE-47 or
6-OH-BDE-47 disrupt membrane integrity, as extracellular LDH was not detected after
exposure to 20 uM BDE-47 or 6-OH-BDE-47. As the release of Ca”™ from intracellular stores
was induced by 6-OH-BDE-47, replenishing of Ca®* by SOCE is probably involved in the
observed influx of extracellular Ca** (Parekh and Putney 2005).

The transient increase induced by 6-OH-BDE-47 that remains under Ca*'-free
conditions is completely absent after depletion of ER by TG, indicating that these increases in
[Ca®); primarily originate from Ca”" release from the ER. After depletion of ER Ca”* stores, the
early persistent increase in [Ca*); caused by exposure to 20 uM 6-OH-BDE-47 could still be
observed. As this increase is not observed in cells in which mitochondrial and endoplasmic
stores were depleted with TG and FCCP, it can be concluded that this early persistent increase
induced by 6-OH-BDE-47 originates primarily from Ca’* release from mitochondrial Ca**
stores. In most cells, a late increase in [Ca2+]i is observed after depletion of ER and
mitochondrial Ca”" stores. Possible sources involved in the remaining increase in [Ca“]i are
endosomes, lysosomes, secretory granules, the Golgi-apparatus and nucleus (reviewed in
Laude and Simpson 2009).

6-OH-BDE-47 increases [Ca2+]i at lower concentrations than parent compound BDE-47
in differentiated hNPCs. This potency difference was previously shown in rat PC12 cells
(Dingemans et al. 2008). However, in the primary differentiated hNPCs, the effects of BDE-47
and its hydroxylated metabolite appear stronger than in PC12 cells. Acute exposure of hNPCs
to > 2 uM BDE-47 or > 0.2 uM 6-OH-BDE-47 results in a significant increase in [Caz+]i, whereas
in PC12 cells higher concentrations of BDE-47 (20 uM) and 6-OH-BDE-47 (= 1 uM) are required
to induce increases in [Ca”"]; (Dingemans et al. 2008, 2009b).

Moreover, different kinetics of Ca®* store-release and influx induced by 6-OH-BDE-47
were observed in the two models. In PC12 cells, Ca” release from ER in combination with
influx of extracellular Ca’* could be observed as a transient increase in [Ca’']; within
approximately the first 5 min following application of 6-OH-BDE-47. A late increase in [Ca™in
PC12 cells was mainly due to release of Ca** from mitochondria. In differentiated hNPCs, the
Ca” release from mitochondria starts immediately upon application of 6-OH-BDE-47. Based
on cell size and cell morphology, the cells that were used for [Ca2+]i measurement are most
likely glial progenitor cells (Fritsche et al. 2005). Possibly, this difference in timing could be
related to the particular sensitivity of glial cells to oxidative stress (Andersen 2004). The
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timing of ER release is similar in the hNPCs as in PC12 cells. However, this is not combined
with influx of extracellular Ca2+, which is, in hNPCs, observed as a late increase in [Ca2+]i. As
different kinetics of processes involved in the increases in [Ca2+]i are observed in PC12 and
hNPCs, the difference in sensitivity is possibly due to differences in regulatory mechanisms for
maintaining Ca’* homeostasis in these two cell types.

Release of Ca’" from ER is a major effect of 6-OH-BDE-47, both in PC12 as in
differentiated hNPCs (Dingemans et al. 2008, 2009b, this study) The principle mechanisms
affecting release of Ca”* from ER stores involves activation of inositol 1,4,5-triphosphate (IPs)
and/or ryanodine (Ry) receptors (reviewed in Vanderheyden et al. 2009; Zalk et al. 2007). It is
unknown whether (OH-)PBDEs affect either of these receptors to induce Ca”* release from ER.
Nonetheless, ortho-PCBs were demonstrated to affect both IPs- (Inglefield et al. 2000; Kang et
al. 2004) and Ry-receptor-mediated Ca”" release (Wong et al. 1997, 2001; Gafni et al. 2004).
Interaction of 6-OH-BDE-47 with these endoplasmic receptors is therefore not unlikely.

In summary, exposure to BDE-47 or 6-OH-BDE-47 causes an increase in [Ca2+]i in
hNPCs. The combined data indicate that the transient increase in [Ca2+]i depends on
intracellular Ca”* release from the ER, whereas the early persistent increase in [Ca™;is mainly
due to Ca”* release from mitochondria. The late increase in [Ca’*]; is caused by influx of
extracellular Ca”*, since it is absent under Ca**-free conditions. Increase in [Ca’']; occurs at
concentrations > 2 uM (BDE-47) and 0.2 uM (6-OH-BDE-47). The observed increase in [ca™:
by release from intracellular stores and influx of extracellular Ca** occurs at lower
concentrations compared to in PC12 cells. 6-OH-BDE-47 has a potency approximately one
order of magnitude higher than the parent compound BDE-47 in both PC12 as differentiated
hNPCs. The Ca® homeostasis-disrupting effect of hydroxylated metabolites of PBDEs is
therefore a critical factor that should be taken into account in risk assessment for PBDE-
induced DNT in humans.
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HBCD inhibits depolarization-evoked increase in calcium

Abstract

Environmental levels of the brominated flame retardant (BFR) hexabromocyclododecane
(HBCD) have been increasing. HBCD has been shown to cause adverse effects on learning and
behavior in mice, as well as on dopamine uptake in rat synaptosomes and synaptic vesicles.
For other BFRs, alterations in the intracellular Ca”* homeostasis have been observed.

Therefore, the aim of this study was to investigate whether the technical HBCD
mixture and individual stereoisomers affect the intracellular Ca®* concentration ([Ca2+]i) ina
neuroendocrine in vitro model (PC12 cells). [Ca2+]i and vesicular catecholamine release were
measured using respectively single-cell Fura-2 imaging and amperometry.

Exposure of PC12 cells to the technical HBCD mixture or individual stereoisomers did
neither affect basal [Ca2+]i, nor the frequency of basal neurotransmitter release. However,
exposure to HBCD (0 - 20 uM) did cause a dose-dependent reduction of a subsequent
depolarization-evoked increase in [Ca’'],. This effect was apparent only when HBCD was
applied at least 5 min before depolarization (maximum effect after 20 min exposure). The
effects of a- and B-HBCD were comparable to that of the technical mixture, whereas the
inhibitory effect of y-HBCD was larger. Using specific blockers of L-, N- or P/Q-type voltage-
gated Ca”" channels (VGCCs) it was shown that the inhibitory effect of HBCD is not VGCC-
specific. Additionally, the number of cells showing depolarization-evoked neurotransmitter
release was markedly reduced following HBCD exposure.

Summarizing, HBCD inhibits depolarization-evoked [Ca2+]i and neurotransmitter
release. As increasing HBCD levels should be anticipated, these findings justify additional
efforts to establish an adequate exposure, hazard and risk assessment.
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Introduction

Brominated flame retardants (BFRs) are a structurally diverse class of compounds added to
consumer products for fire prevention. Increasing concentrations of these compounds in the
environment, human food chain and in human tissues raise concern about possible
neurotoxic effects, particularly for the developing nervous system (reviewed in Costa and
Giordano 2007). This concern has led to voluntary action and legislative measures to
eliminate the penta- and octabrominated diphenyl ethers from the market in Europe and
North America. After cessation of their use in consumer products, a sharp rise in
environmental levels of the BFR hexabromocyclododecane (HBCD) was recently observed
(reviewed in Law et al. 2008b). This is possibly due to an increased use of HBCD as a
replacement of the banned polybrominated diphenyl ethers (PBDEs), mainly in polystyrene
products. The technical mixture of HBCD consists of three stereoisomers, denoted a-, -, and
y-HBCD. HBCD has been shown to biomagnify in marine food chains (Jenssen et al. 2007).
Interestingly, biotic samples are in general dominated by the a-stereoisomer although the
technical mixture consists for 70 - 90% of y-HBCD (Covaci et al. 2006). This is probably due to
isomer composition changes during heating of the technical mixture during industrial
application (Heeb et al. 2008), and/or cytochrome P450 mediated biotransformation of B- and
y-HBCD in biota (Zegers et al. 2005).

Acute in vivo toxicity of HBCD appears limited (Darnerud 2003). So far, studies on the
toxic potential of HBCD have mainly focused on endocrine disruption. Adverse effects of
HBCD on the steroid and thyroid hormone system as well as antagonistic effects on the
androgen, progesterone and aryl hydrocarbon receptors have been described (Ema et al.
2008; Hamers et al. 2006; Palace et al. 2008; van der Ven et al. 2006). Additionally, effects on
hepatic gene expression and hepatic enzymes have been observed (Cantén et al. 20083;
Germer et al. 2006; Ronisz et al. 2004; Zhang et al. 2008c).

Although an adverse effect on learning and behavior in mice (1.4 umol/kg bw HBCD;
Eriksson et al. 2006b), as well as on oxidative stress and the cellular antioxidant defense
systems in fish brain (28 days exposure to 500 pg/| HBCD; Zhang et al. 2008c) have been
observed, in vitro neurotoxicity data on HBCD are limited. So far, only inhibition of dopamine
uptake in rat synaptosomes (ICso: 4 uM) and synaptic vesicles (ICso: 3 uM; Mariussen and
Fonnum 2003) and necrotic cell death in cerebellar granule cells after 24 h exposure (LCs:
3 uM; Reistad et al. 2006) have been reported.

Alterations in the intracellular Ca** homeostasis, as observed for PBDEs and ortho-
substituted (noncoplanar) polychlorinated biphenyls (ortho-PCBs; reviewed in Mariussen and
Fonnum 2006), may play a role in the observed cytotoxicity and oxidative stress (Orrenius et
al. 2003). In neuronal cell-types, the main influx route of Ca™ is via voltage-gated ca®
channels (VGCCs). VGCCs are located in the cell membrane and open when the membrane
depolarizes. The subsequent rapid influx of Ca®* can trigger various intracellular processes
including neurotransmitter release (Barclay et al. 2005; Clapham 2007). Therefore, the aim of
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this study was to investigate the possible effects of the technical HBCD mixture and the
individual HBCD stereoisomers on basal and depolarization-evoked cytosolic Ca** levels as
well as on vesicular catecholamine release in a neuroendocrine in vitro model (PC12 cells),
using respectively Fura-2 imaging and amperometry.

Methods

Chemicals. The technical HBCD mixture was synthesized and the stereoisomers a-, B-, and
y-HBCD isolated and purified (~99%) at the Stockholm University (Sweden) as described
previously (Fang 2007). Unless otherwise noted, PC12 cells were exposed to the technical
HBCD mixture. Before dilution to the desired final concentration, HBCD stock solutions in
dimethyl sulfoxide (DMSO) were sonicated for at least 15 min. All other chemicals, unless
otherwise stated, were obtained from Sigma-Aldrich, Zwijndrecht, the Netherlands.

PC12 cell culture. Rat pheochromocytoma (PC12) cells (Greene and Tischler 1976) were
cultured in RPMI 1640 (Invitrogen, Breda, The Netherlands) supplemented with 5% fetal calf
serum and 10% horse serum (ICN Biomedicals, Zoetermeer, The Netherlands). For ca®
imaging experiments, undifferentiated PC12 cells were subcultured in poly-L-lysine coated
glass-bottom dishes (MatTek, Ashland, MA) as described previously (Dingemans et al. 2007).
For amperometric recordings, cells were differentiated for 3 - 5 days with 5uM
dexamethasone to enhance vesicular catecholamine release as described previously
(Westerink and Vijverberg 2002).

Cell viability assay. Effects of HBCD on cell viability were determined by measuring the
capacity of undifferentiated PC12 cells to reduce 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) to formazan (Denizot and Lang 1986). One day before the
cell viability test, PC12 cells were seeded in a 96-wells plate at a density of 5*10* cells per
well. The cells were exposed to different concentrations of HBCD for 30 min, after which the
cells were incubated for 30 min in 200 pl MTT (1 mg/ml) in serum-free medium. After washing
the cells with phosphate buffered saline, the formazan was extracted in 100 pl of isopropanol.
This isopropanol fraction was measured spectrophotometrically at 595 nm (FLUOstar Galaxy
V4.30-0, BMG Labtechnologies, Offenburg, Germany) to determine the quantity of the blue
formazan, which is used as a measure for cell viability.

ca® imaging. Changes in the intracellular Ca®* concentration ([Ca’'];}) were measured using
the Ca*"-sensitive fluorescent ratio dye Fura-2 as described previously (Dingemans et al.
2007). Briefly, cells were loaded with 5 uM Fura-2-AM (Molecular Probes; Invitrogen) in
external saline (containing in mM: 1.8 CaCl,, 24 glucose, 10 HEPES, 5.5 KCl, 0.8 MgCl,,
125 NaCl, and 36.5 sucrose at pH 7.3, adjusted with NaOH) for 20 min at room temperature,

118



Chapter 8

followed by 15-min de-esterification in external saline. After de-esterification, cells were
placed on the stage of an Axiovert 35M inverted microscope (Zeiss, Gottingen, Germany)
equipped with a TILL Photonics Polychrome IV (TILL Photonics GmBH, Grafelfing, Germany).
Fluorescence evoked by 340 and 380 nm excitation wavelengths (Fs49 and Fsg) was collected
every 12 s at 510 nm with an Image SensiCam digital camera (TILL Photonics GmBH). The
digital camera and polychromator were controlled by imaging software (TILLvisION, version
4.01), which was also used for data collection and processing. Changes in Fzs/Fsg ratio (R),
reflecting changes in [Ca’*];, were analyzed using custom-made MS-Excel macros. Following
5 min baseline recording, cells were exposed to DMSO, HBCD (0.2 - 20 uM), or a-, B-, or
y-HBCD (0.2 - 2 uM). Membrane depolarization by 100 mM K* was used to investigate effects
of HBCD on the depolarization-evoked increase in [Ca2+]i, caused by influx of ca”* through
VGCCs. Maximum and minimum ratios (Rnm.x and Rnmin) were determined after the recording by
addition of ionomycin (5 uM) and ethylenediamine tetraacetic acid (EDTA; 17 mM) as a
control for experimental conditions. Free cytosolic [Ca*]; was calculated using Grynkiewicz’s
equation:

[Ca™"]; = Kg+ X (R = Reyin)/(Rmax = R)

(as described in Deitmer and Schild 2000), where Ky« is the dissociation constant of Fura-2
determined in the experimental set-up used for the fluorescence measurements using Fura-2
Ca** imaging calibration buffers (Molecular Probes; Invitrogen). Because the standard
deviation during baseline [ca™: recording ranged from 1 - 21 nM (1 - 20 % of average [ca®™]),
[Ca™]; levels > 125% of baseline during exposure were scored as spontaneous fluctuations.
The average basal [Ca®]; and the number of cells showing spontaneous fluctuations in basal
[Ca2+]i, as well as amplitude and duration of these fluctuations, were determined to
investigate possible effects of HBCD on basal [Caz+]i. The amplitude of [Ca2+]i observed during
depolarization was used to investigate possible effects of HBCD on the depolarization-induced
increase in [Ca”]. The involvement of specific VGCCs was investigated by selective
pharmacological blocking using 2 uM nifedipine (L-type VGCCs), 2 uM m-conotoxin GVIA
(N-type VGCCs; Biotrend, Wangen, Switzerland), and 2 uM w-conotoxin MVIIC (P/Q-type
VGCCs; Biotrend).

Amperometry. Amperometric recordings of spontaneous and K'-evoked vesicular
catecholamine release from dexamethasone-differentiated PC12 cells using carbon fiber
microelectrodes were made as described previously (Dingemans et al. 2007; Westerink and
Vijverberg 2002). Following 150 s of baseline recording, PC12 cells were superfused for 15 s
with high K* containing saline (K" increased to 125 mM and Na® lowered to 5.5 mM) to
determine their responsiveness. Cells were allowed to recover for 135 s prior to a 20-min
exposure to HBCD to investigate acute effects on vesicular catecholamine release. Recordings
were performed at room temperature. As described previously (Dingemans et al. 2007, 2008),
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PC12 cells with high basal release (> 2 events/min), low evoked release (< 20 events/min) or
poor recovery after depolarization (‘recovered basal release’; > 14 events/min) were excluded
from data analysis (5/34 cells). The remaining 29 cells were used to investigate effects of
HBCD on the frequency of vesicular catecholamine release and vesicular release parameters,
that is, amplitude, tj;, (half-width) and time integral (Q, vesicular content) of the
amperometric release events.

Data analysis and statistics. All data are presented as mean + SEM from the number of cells
indicated. Statistical analyses were performed using SPSS 12.0.1 (SPSS, Chicago, IL).
Continuous data were compared using Student’s t-test, paired or unpaired where applicable.
ANOVA and post hoc t-tests were performed to investigate possible dose-response
relationships. Categorical data were compared using Fisher’s exact tests. A p value < 0.05 is
considered statistically significant; n.s. indicates the absence of a statistically significant
effect.

Results

Cell viability. PC12 cells, cultured in a 96-wells plate, were exposed to 0 - 20 uM technical
HBCD mixture or the individual stereoisomers for 30 min before incubation in 1 mg/ml MTT.
Exposure to 0 - 2 uM HBCD (30 min) had no effects on cell viability, whereas exposure to
20 uM HBCD (30 min) resulted in a limited reduction of cell viability to 88 + 3% of control
(p < 0.05). After 30 min exposure to 0 - 20 uM a-, B-, or y-HBCD, no effects on cell viability
were observed (Figure 8.1).
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Figure 8.1. Exposure of PC12 cells to the technical HBCD mixture has a small effect on cell viability only
at 20 uM, whereas no significant effects were observed after exposure to the individual stereoisomers.
Bars represent average cell viability as measured by mitochondrial MTT reduction, normalized to DMSO
control wells per plate. Bars display data from 4 experiments, number of wells used for data analysis:
control: n = 36; all HBCD treatments: n = 12. *p < 0.05.
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Cytosolic [Ca2+]i. To investigate whether HBCD affects basal [Ca™], Fura-2 loaded PC12 cells
were exposed for 20 min to HBCD (0 - 20 uM). Basal [Ca™*]; before exposure amounted to
106 £1 nM (n = 440). In control experiments, 30% of the cells showed spontaneous
fluctuation in [Ca’']. The average basal [Ca®"]; (20 UM HBCD: 100 + 3 nM; n.s.) as well as the
percentage of cells showing spontaneous fluctuations in [Ca™]; (20 UM HBCD: 35%; n.s.) were
not affected by exposure to HBCD (Figure 8.2). The amplitude and duration of these
spontaneous fluctuations in [Ca™]; were also not affected during exposure to 20 uM HBCD
(data not shown). Exposure to the separate a-, B-, or y-stereoisomers (0 - 2 uM) did neither
affect the average basal [Ca”']; nor the percentage of cells showing spontaneous fluctuations
in [Ca™"], during exposure (data not shown).
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Figure 8.2. Exposure of PC12 cells to HBCD has no effects on basal [Ca2+]i, but inhibits the depolarization-
evoked increase in [Ca2+]i. A. Representative traces of cytosolic [Ca2+]i measurements of individual PC12
cells are shown, illustrating the reduction of the depolarization-evoked increase in [ca”"]; by exposure to
0 - 20 uM HBCD (control: solid line; 0.2 uM HBCD: small dash; 2 uM HBCD: dash-dot-dash; 20 uM HBCD:
large dash; note the difference in time scaling from t = 19 min). B. Bar graph shows the dose-dependent
reduction of the depolarization-evoked increase in [Ca2+]i by HBCD. C. Bar graph shows the reduction of
the evoked [Ca”']; by the technical mixture and separate stereoisomers of HBCD. 2 uM y-HBCD
significantly differs from all other HBCD treatments (# p < 0.05). Bars display data from three to nine
experiments per treatment. The number of cells used for data analysis is indicated inside each bar.
Difference from control: * p < 0.05; ** p < 0.01; *** p < 0.001.
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VGCCs expressed in undifferentiated PC12 cells include L-, N-, P/Q-, R-, and T-type
Ca’* channels (Del Toro et al. 2003; Greene and Tischler 1976; Liu et al. 1996; Shafer and
Atchison 1991), with L, N-, and P/Q-type VGCCs accounting for the majority of the
depolarization-induced increase in [Ca”"]; (blocking L-, N-, and P/Q-type VGCCs reduced the
depolarization-evoked increase in [Caz+]i to ~15% of control, data not shown). To investigate
whether HBCD has an effect on the depolarization-evoked increase in [Ca2+]i, PC12 cells were
exposed to different concentrations of HBCD before and during depolarization by a high K'-
containing saline.

When applying 20 uM HBCD immediately before the depolarization, no effects were
observed on the depolarization-evoked increase in [Ca’*];, making direct effects of HBCD on
VGCCs less likely. When the exposure time is prolonged, the inhibitory effect on the
depolarization-evoked increase in [Ca™: aggravated. Increasing the exposure time from 20 to
40 min did not further reduce the depolarization-evoked increase in [ca™: (data not shown).
Therefore, in all following [Ca2+]i measurements, cells were exposed to HBCD for 20 min prior
to depolarization.

Exposing PC12 cells for 20 min to HBCD technical mixture (0 - 20 uM) caused a dose-
dependent reduction of the subsequent depolarization-evoked increase in [Ca®*]; (ANOVA:
p <0.0001; Figure 8.2). In control cells, [Ca®"]; increased to 1.45 + 0.07 UM (n = 88) during
depolarization (basal [Ca2+]i: 107 + 3 nM). No effects on evoked [Ca2+]i were observed when
exposing the cells to 0.2 uM HBCD. Increasing the concentration of HBCD resulted in a
reduction of evoked [Ca’’]; with a lowest observed effect level (LOEL) of 2 pM HBCD
(1.15+£0.08 uM, n = 73; p < 0.01). Exposing the cells to 20 uM HBCD inhibited the evoked
[Ca®]; t0 0.61 £ 0.08 UM (n =57; p < 0.0001), which is approximately 40% of the control value.

Although the technical mixture mainly consists of y-HBCD, it has been observed that
in biotic samples, a-HBCD is most abundant. To investigate possible differences in activity
between the different stereoisomers of HBCD, PC12 cells were exposed to 2 uM of the
different stereoisomers (a-, B-, and y-HBCD). All three stereoisomers inhibited the
depolarization-evoked increase in [Ca’']. The inhibitory effects of a- and B-HBCD were
comparable with that of the technical mixture (HBCD mixture: 1.15+0.08 uM, n = 73;
o-HBCD: 0.97 £ 0.10 uM, n = 36; B-HBCD: 1.16 £ 0.13 uM, n = 38), whereas the inhibitory
effect of y-HBCD was larger (0.73 £ 0.06 uM, n = 58; Figure 8.2).

To investigate whether specific VGCCs were involved in the inhibitory effects of
HBCD on the depolarization-evoked increase in [Ca2+]i, L-, N-, or P/Q-type VGCCs were
pharmacologically blocked using 2 uM of, respectively, nifedipine, GVIA, or MVIIC
m-conotoxins (Figure 8.3). Though all VGCC blockers decreased the depolarization-evoked
increase in [Ca™"], nifedipine had the largest effect (0.80 + 0.05 uM). Exposure to HBCD
(20 uM) while blocking L-type VGCCs with nifedipine, resulted in a further decrease of the
depolarization-induced [Ca**]; (0.64 + 0.07 uM). Comparable results were seen when blocking
either N- or P/Q-type VGCCs (Figure 8.3).
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Figure 8.3. HBCD a-specifically inhibits Ca® influx through all major VGCC-types in PC12 cells. Nifedipine
(Nif; 2 uM), w-conotoxin GVIA (2 uM), and w-conotoxin MVIIC (2 uM) were used to block L-, N-, and
P/Q-type VGCCs, respectively. All treatments significantly differ from the DMSO control. Co-exposure to
HBCD (20 uM) results in a further reduction of the depolarization-evoked increase in [Ca2+]i compared
with the corresponding ‘blocker alone’ treatments. Bars display data from 4 to 13 experiments per
treatment. The number of cells used for data analysis is indicated inside each bar. *p < 0.05;
***p <0.001.

Vesicular neurotransmitter release. To investigate whether the observed robust reduction in
depolarization-evoked [Ca’']; after exposure to 20 uM HBCD has functional consequences for
neurotransmitter release, depolarization-evoked release of catecholamines was measured
following 20-min exposure to 20 uM HBCD. Analysis of the release frequencies showed that
the average basal release frequency amounted to 0.4 £ 0.1 events/min (n = 29). Upon
depolarization the release frequency increased to 97 + 12 events/min (n = 29), which slowly
declined to basal release levels (recovered basal release: 2.5 + 0.5 events/min, n = 29) after
cessation of depolarization. Basal release during exposure to 20 uM HBCD
(1.1 £ 0.3 events/min, n = 14) did not significantly differ from basal release in control cells
(0.5% 0.1 events/min, n = 15; Figure 8.4). However, following 20-min exposure to HBCD,
~70% of the cells (10 out of 14) no longer showed evoked release (> 20 events/min), whereas
in control experiments, ~85% of the cells (13 out of 15) still showed evoked release following
20-min exposure to 0.1% DMSO (p < 0.01). Release frequencies of the four cells that still show
evoked release following exposure to HBCD were within the range of evoked release in
control cells (20 - 216 events/min) and the vesicular release parameters (i.e., vesicle content,
amplitude and t;;;) were unaffected (data not shown).
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Figure 8.4. Exposure to HBCD inhibits depolarization-evoked catecholamine release. A. Representative
cumulative event frequencies, normalized to the number of events observed before the onset of
exposure, of a control cell (solid line) and two cells exposed to 20 uM HBCD, one of which shows evoked
release after exposure (small dash) and one which does not (large dash). B. Percentage of cells showing
evoked release after exposure to vehicle (13 out of 15) or 20 uM HBCD (4 out of 14). C. The average
evoked release frequencies of control and HBCD-exposed cells. Although the number of cells lacking
evoked release (closed bars) was strongly increased after exposure to HBCD, release frequencies in cells
that still exhibit vesicular catecholamine release after exposure to HBCD (open bars) are within the
range of control, DMSO-exposed cells. D. Representative amperometric traces recorded from individual
PC12 cells. The majority of cells show evoked release after exposure to vehicle (control; top), whereas
the majority of cells lacks evoked release after exposure to 20 uM HBCD (bottom).

Discussion

The results presented here demonstrate that the BFR HBCD does not affect the basal [Ca2+]i,
which is in accordance with previous observations in rat cerebellar granule cells (Reistad et al.
2006). Additionally, HBCD exposure does not affect the frequency of basal catecholamine
release (Figure 8.4) or the parameters of the vesicular release events. However, HBCD
exposure does exert an inhibitory effect on the depolarization-evoked increase in [Ca™; via
VGCCs with a LOEL of 2 uM (Figures 8.2 and 8.3) as well as on depolarization-evoked vesicular
catecholamine release (Figure 8.4).

A small cytotoxic effect (measured via mitochondrial activity) was observed after
exposing PC12 cells to 20 uM technical HBCD mixture for only 30 min, whereas exposure to
the individual stereoisomers or lower concentrations of HBCD did not result in reduction of
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cell viability (Figure 8.1). In cerebellar granule cells, 24 h exposure to 10 uM HBCD resulted in
~90% cell death, whereas 24 h exposure to 2 pM HBCD (the LOEL in the current study) caused
~35% cell death (Reistad et al. 2006). A recent study (Zhang et al. 2008b) describes
stereoisomer- and enantiomer-specific cytotoxicity of HBCD in HepG2 cells, showing that
y-HBCD has the strongest cytotoxic effect, and that (+)-enantiomers are significantly more
toxic than the corresponding (-)-enantiomers. From the current cell viability results and other
cell viability studies it can be concluded that the LOEL for effects in Ca’* homeostasis in the
current study (2 uM HBCD) is not confounded by cytotoxicity.

To investigate whether HBCD specifically blocks one subtype of VGCCs, the
depolarization-induced increase in [Ca*']; was investigated in the presence of specific blockers
of the different VGCC-subtypes. Though all VGCC blockers decrease the depolarization-
induced increase in [Ca®"];, nifedipine has the largest effect indicating that L-type VGCCs are
the most abundant VGCC-subtype in undifferentiated PC12 cells. If HBCD would specifically
block one subtype of VGCCs, a combined exposure to HBCD and a specific blocker should
inhibit the depolarization-induced increase in [Ca2+]i to a similar extent as the specific blocker
alone. A further decrease of the depolarization-induced [Ca’']; was observed after exposure
to HBCD (20 uM) while blocking either the L-, N-, or P/Q-type VGCCs (Figure 8.3). These
combined data therefore indicate that the effect of HBCD is not VGCC-specific. Additionally,
effects on other Ca*"-influx pathways involved in the depolarization-evoked increase in [Ca™:
cannot be excluded.

Exposing the PC12 cells to HBCD immediately before depolarization did not affect the
depolarization-evoked increase in [Ca*'].. Hence, HBCD apparently has no direct effect on the
VGCCs. Interestingly, the inhibitory effect of HBCD aggravates when the exposure is
prolonged. The maximal effect is reached after 20 min of exposure and increasing the
exposure time to 40 min did not further increase the inhibitory effect of HBCD. Although the
underlying cause of the exposure-time dependency of the inhibitory effect of HBCD remains
as yet unclear, a possible explanation could be the targeting of voltage-independent
intracellular signaling pathways by HBCD which need some minutes to take effect. VGCCs are
regulated by a range of signal transduction pathways, including phosphorylation and
G-protein modulation. Nevertheless, few signaling pathways inhibit L-, N-, and P/Q-type
VGCCs, and potentiation has been observed as well (reviewed in Westerink 2006). Another
possible explanation could reside in the physico-chemical properties of HBCD. The high
n-octanolwater-partition coefficient (log K., = 5; Hayward et al. 2006) indicates the potential
for HBCD to accumulate in cell membranes. Possibly, the inhibitory effect of HBCD depends
on the amount of HBCD partitioned into the cell membrane, and is limited (as the effect no
longer aggravated after 20 min exposure) by the available quantity of HBCD and the absolute
quantity of cell membrane. If so, effects on other membrane-anchored proteins, including ion
channels, cannot be excluded.

The percentage of cells that do not show evoked release following HBCD exposure is
significantly increased. However, cells that still exhibit depolarization-evoked release
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following HBCD exposure display a release frequency that is comparable to control cells,
suggesting that the inhibition of the depolarization-evoked release is related to the inhibition
of depolarization-evoked increase in [Ca’'];, whereas exocytosis and its underlying processes
appear unaffected. Thus, due to the inhibition of the depolarization-evoked [Ca*']; a larger
proportion of the cells probably does not reach the Ca”" threshold for release after exposure
to HBCD.

HBCD has previously been shown to inhibit the plasma membrane uptake of
dopamine (ICso: 4 UM, measured after 15 min exposure to HBCD), as well as the vesicular
uptake of dopamine (ICsp: 3 UM, measured after 15 min exposure to HBCD; Mariussen and
Fonnum 2003). Inhibition of uptake of dopamine in rat brain synaptic vesicles has also been
demonstrated for the commercial penta-PBDE mixture DE-71 and ortho-PCBs (reviewed in
Mariussen and Fonnum 2006). However, changes in vesicle content were not observed
following exposure to HBCD. This indicates that the functional consequences for quantal
release per se are rather limited, or are obscured because of the relatively short time span of
the amperometric experiments compared with the slow rate of vesicle cycling in PC12 cells
(Westerink et al. 2000).

Human HBCD serum levels are based on only a few observations, which so far have
been limited to European countries and the United States. HBCD intake related to oily fish
consumption was estimated to be 0.3 ng/kg bw/day (Knutsen et al. 2008). The highest
concentration of HBCD measured in human serum in an occupational setting (856 ng/g lipids;
Thomsen et al. 2007) corresponds to ~15 nM HBCD in blood (calculated using average
physiologic values), which is approximately two orders of magnitude lower than the LOEL in
this study. For risk assessment this difference is relatively small, especially considering safety
factors for species extrapolation and intraspecies variability, as well as the lipophilic and
bioaccumulative properties of HBCD. Considering the current findings on neuronal signaling,
additional safety regulations in an occupational setting should be considered.

The highest background level of HBCD measured in humans is 7.4 ng/g lipids (Meijer et
al. 2008), which corresponds to ~0.13 nM HBCD in blood (calculated using average
physiologic values). This is approximately four orders of magnitude lower than the LOEL in
this study, thus well below the concentrations at which adverse effects have been observed.
Nevertheless, in vivo HBCD exposure is expected to be of a longer or maybe even lifelong
duration, whereas the LOEL obtained in this in vitro study was based on only 20-min
exposure. Additional concern arises from the fact that organohalogen compounds, including
PCBs, PBDEs and HBCD, transfer across the placenta (Meijer et al. 2008). Also, HBCD has been
detected in human breast milk, up to 5 ng/g lipids (Antignac et al. 2008). As it has been shown
that exposure to HBCD within the time frame of rapid brain development results in behavioral
defects in mice (Eriksson et al. 2006b), it is concerning that children are exposed to HBCD pre-
as well as postnatally.

The major constituent of the technical mixture, y-HBCD, has a larger effect on the
depolarization-evoked increase in [Ca2+]i than a- and B-HBCD, which have a comparable effect
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as seen with the technical mixture. Presently, very few toxicity data is available to compare
the activity of the three stereocisomers present in the technical HBCD mixture. All three
stereoisomers affect the thyroid hormone system, but y-HBCD to the largest extent (Palace et
al. 2008). Nevertheless, biotic samples are generally dominated by a-HBCD (Covaci et al.
2006), although for humans this has been demonstrated only once (Antignac et al. 2008). This
shortage in knowledge on the potency of the individual stereoisomers and (tissue-specific)
stereoisomer distribution in humans hampers proper effect and risk assessment. In this light
it is noteworthy that as a-HBCD is less potent but more common in biological samples,
neurotoxic effects might be overestimated when the technical mixture, which mostly contains
y-HBCD, is used in experimental studies. In view of the differences observed in response
between the individual stereoisomers, future toxicity studies should include these
stereoisomers to improve the relevance of experimental studies for the human exposure
situation.

The cessation of the use of the Penta- and OctaPBDE, and in the EU also the use of the
DecaBDE, could result in increased use of HBCD in polystyrene materials as an alternative for
the banned PBDEs. Consequently, it is not unlikely that human exposure levels increase in the
future. Considering this potential increase as well as the current findings on neuroendocrine
functioning, additional efforts to establish an adequate exposure, hazard, and risk assessment
are justified.
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Chapter 9

9.1 Introduction

Polybrominated diphenyl ethers (PBDEs) and hexabromocyclododecane (HBCD) affect
neurobehavior in rodents (reviewed in Costa and Giordano 2007; Fonnum and Mariussen
2009). The aim of this PhD-research was to investigate whether underlying mechanisms could
be identified in brain function and/or neuronal signaling. Endocrine and hepatic effects are
toxic endpoints of these brominated flame retardants (BFRs), as well as effects on
neurobehavior (chapter 1). These effects appear to be the most sensitive. Although not
discussed in this thesis, also immunotoxic (e.g. Fowles et al. 1994) and genotoxic effects (e.g.
He et al. 2008a) of PBDEs have been described. To the aim of human risk assessment, the
lowest observed-effect concentrations obtained in this research (chapter 3 - 8) are calculated
to corresponding lipid-adjusted serum concentrations by using average physiological blood
parameters of blood, plasma and lipid content from the Handbook of Toxicology (Deleranko
and Hollinger 2001). This allows for comparison with human serum levels, which are
commonly expressed in ng/g lipids. Only in the case of the neonatal exposure to BDE-47, brain
concentrations could be rather accurately estimated by using data from a toxicokinetics
study. In this study, organ distribution of 1 mg/kg bw "*C-BDE-47 was investigated in neonatal
mice (after a single oral dose at postnatal day; PND 10; Staskal et al. 2006a).

Human serum levels of parent PBDEs, hydroxylated PBDEs (OH-PBDEs) or HBCD and
the lowest observed-effect concentrations (LOECs) and their corresponding estimated serum
concentration in ng/g lipids, are compared. To this aim, only standard (traditional) safety
factors of inter- and intraspecies variability are used (10x10; Renwick and Lazarus 1998).
Following the risk assessment of the observed effects of (OH-)PBDEs and HBCD on human
health, several issues are discussed that may influence the safety factors, and hence margin
of exposure/safety.

9.2 BDE-47 decreases LTP: observed effects and human risk assessment

As described in chapter 3, neonatal exposure to BDE-47 impairs long-term potentiation (LTP),
a form of synaptic plasticity, measured ex vivo in brain slices. The same exposure regiment
was previously shown to affect neurobehavior (Eriksson et al. 2001b). While presynaptic
parameters measured in the brain slices and isolated chromaffin cells were not affected, a
number of proteins involved in LTP were decreased in the postsynaptic density (PSD; chapter
3). No effects were detected on PSD scaffolding proteins PSD-95 and SAP97 (a protein
involved in  a-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate ~ (AMPA)  receptor
trafficking), unphosphorylated a- Ca”*/calmodulin kinase I (CaMKII) and N-methyl-p-aspartic
acid (NMDA) receptor subunits NR1 and NR2A. Amounts of AMPA receptor subunit GluR1,
NMDA receptor subunit NR2B, and phosphorylated-active aCaMKIl were decreased in the
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PSD after exposure to BDE-47. Thus, the observed impaired synaptic plasticity induced by
BDE-47 appears related to alterations in postsynaptic proteins.

Recently, a study by Xing et al. (2009a) revealed that also the fully brominated BDE-209
affects LTP, measured in vivo in the dentate gyrus of the hippocampus in rats. Moreover, rats
were exposed during different developmental periods: pregnancy, lactation, after weaning, or
from pregnancy through weaning (in which brain concentration of BDE-209 reached
200 ng/g wet weight). The data indicated that the lactation period (PND O - 20) is most
sensitive to effects of BDE-209, causing impairment of LTP (Xing et al. 2009a). This finding
demonstrates that exposure during the brain growth spurt is also important for impaired LTP
induced by BDE-209.

Although a no observed-effect level (NOEL) was not established in the study on
possible effects of neonatal BDE-47 exposure on LTP (chapter 3), the impairment of LTP
occurred after a single oral dose of 6.8 mg (14 umol)/kg bw. By using data from a
toxicokinetics study of *C-BDE-47 in neonatal mice (Staskal et al. 2006a), it was estimated
that concentrations in the brain could reach a peak value of 1.1 uM (8 h after administration
after which levels decreased).

Table 9.1. Estimated serum concentrations corresponding to LOECs in this research (A) and a selection
of human PBDE serum concentrations (B; for a more extensive overview, particularly on regional
differences, see Frederiksen et al. 2009).

A. Estimated serum concentrations corresponding to in vivo and in vitro treatments in this research.
estimation median

| PBDE fi
sample s (ng/e lipids) (ng/e lipids) reference
mouse,v8.h afte:r oral 2.6 uM BDE-47 110*10° n.a. Staskal et al. 2006a
administration
mouse, 10 days after 3
. . 0.6 uM BDE-47 25*%10 n.a. Staskal et al. 2006a
oral administration
- *10°
LOEC in PC12 cells 20 uM BDE-47 850 103 n-a. this research
1 uM 6-OH-BDE-47 10*10 n.a.
2 uM BDE-47 85*10° n.a.
LOEC in hNPCs 0.2uM i—7OH-BDE- 1*10° na. this research

B. Human exposure to PBDEs and PBDE metabolites.

sample PBDEs estimation median reference
i (ng/g lipids) (ng/g lipids)
PBDE exposure in children
18-months old, US BDE-47 245 n-a. Fischer et al. 2006
2PBDE 651 n.a.
2-6year olds, 3PBDE 33-49 41 Toms et al. 2009
Australia
PBDE exposure in adults
adults. the BDE-47 0.1-6.1 0.8
g SPBDE 0.5-33.1 3.3 Meijer et al. 2008
Netherlands
6-OH-BDE-47 n.d. n.d.
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adults, Sweden BDE-4Z n.d.-8.3 35 Karlsson et al. 2007
SPBDE 8.6 - 50.5 20.3
BDE-47 3- 2.4
adults, Spain N 0.3-9 Ramos et al. 2007
2PBDE 5.5-43 12
adults, South-China BDE-47 04-36 L0 Bi et al. 2006
2PBDE 1.6-17 4.4
adults, US BDE-47 <10-511 10 Petreas et al. 2003
adults, US BDE-47 9.2-310 28 Mazdai et al. 2003
2PBDE 15-580 37
BDE-47 8.0-28.9 15.2
adults, US ZPBDE 17.9-50.8 34.0 Qiu et al. 2009
6-OH-BDE-47 0.1-0.5 0.3
20OH-PBDE 3.8-11.3 6.3
fetal PBDE exposure
cord bloo.d, South- BDE-47 0.1-49 1.4 Bi et al. 2006
China 2PBDE 1.5-12 3.9
cord blood, Spain BDE_4Z <01-35 33 Gdémara et al. 2007
2PBDE 6.3-82 17
cord blood, Sweden BDE-47 03-33 0.98 Guvenius et al. 2003
SPBDE 0.5-4.3 1.7
cord blood, the 6-OH-BDE-47 n.d. n.d. Meijer et al. 2008
Netherlands
cord blood, US BDE-47 8.4-210 25 Mazdai et al. 2003
SPBDE 14 - 460 39
BDE-47 2.6-550.9 13.45
2PBDE 4.7-797.6 30.9
d blood, US iu et al. 2009
cora bloo 6-OH-BDE-47 0.1-62.1 1.0 Queta
SOH-PBDE 2.0-899.1 22.0
occupational PBDE exposure
' electronics BDE—4Z <0.5-234 4.8 sjodin et al. 1999
dismantlers, US SPBDE 7.5-37.3 26
. electronics BDE-47 0.9-15 4.0 (mean) Thomsen et al. 2001
dismantlers, Norway SPBDE 3.8-24 8.8 (mean)
computer Jakobsson et al.
technicians, Sweden BDE-47 <10-13.6 13 2002
e-waste dlsm'fmtlers, BDE-4Z n.d.- 180 9.5 Bi et al. 2007
South-China SPBDE 140 - 8500 600
BDE-47 19.5-540 77.8 Stapleton et al.
foam workers, US
2PBDEs 67 -973 160 2008b
14 year-olds BDE-47 330.5 n.a.
working on waste- IPBDEs’ 656.5 n.a. Athanasiadou et al.
dump site (pooled 6-OH-BDE-47 6.2 n.a. 2008
samples), Nicaragua SOH-PBDE 61.5 n.a.

n.d.: not detected; n.a.: not applicable; a.: including BDE-209

Blood concentrations were calculated to approximate 2.6 and 0.6 uM at respectively 3h and
10 days after administration. A blood concentration of 2.6 uM BDE-47 corresponds to a serum
concentration of approximately 110 pg/g lipids, while 0.6 uM corresponds to approximately

25 ug/g lipids.
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Although very high concentrations of BDE-47 have occasionally been measured in humans, in
particular in the US (Table 9.1), the very high serum concentration of 110 mg/kg lipids is
unlikely to be met in human serum. Based on the estimated concentrations reached in the
mice, the used exposure regiment is therefore not relevant for most human background
exposure situations. Therefore, the risk of decreased synaptic plasticity in adult humans by
exposure to BDE-47 appears very low based on the results of this study (chapter 3).
Nonetheless, it was demonstrated here for the first time that BDE-47 also impairs LTP, which
is commonly used as a neurophysiological ex vivo model of learning (Lynch 2004). Therefore,
the data presented in this thesis strongly support the previously observed neurobehavioral
effects of BDE-47 (Eriksson et al. 2001b).

9.3 Acute effects of parent PBDEs, OH-PBDEs and HBCD on [Ca®]); and vesicular
neurotransmitter release: observed effects and human risk assessment

PBDEs. Investigated presynaptic parameters were not affected in mice at the time when LTP
was measured and shown to be impaired (7 - 9 days after exposure to BDE-47; chapter 3).
However, other studies reported effects of PBDEs either on presynaptic processes or effects
not specific for either pre- or postsynaptic cells (see §1.3). Moreover, the modification of
neural circuits in the developing brain depends on neuronal activity (Spitzer 2006). Temporary
alterations of neuronal activity during critical periods in brain development could be
underlying the observed effects on behavior and hippocampal synaptic plasticity. Therefore, it
was also investigated whether presynaptic effects on neuronal signaling could be expected.
As proper neurotransmission critically depends on strict regulation of Ca’* homeostasis as a
trigger for neurotransmitter release (Barclay et al. 2005), acute effects of BDE-47 on
intracellular Ca** concentration ([Ca2+]i) and vesicular neurotransmitter release were
investigated in a neuroendocrine in vitro model (PC12 cells) by respectively imaging of the
fluorescent Ca”*-sensitive dye Fura-2 and amperometry.

As described in chapter 5, no effects at all were observed on [Ca®]; for BDE-49, BDE-99,
BDE-100 and BDE-153. However, BDE-47 increased both [Caz+]i and vesicular
neurotransmitter release, but only at 20 uM BDE-47 (chapter 3). Nonetheless, already at
2 uM, BDE-47 induced subtle changes in Ca”* homeostasis, that manifested as increased
frequency and duration of fluctuations in [Ca’']; (chapter 5). BDE-47 was also the only parent
PBDE that affected depolarization-evoked [Ca”']; (chapter 6). The investigation of possible
effects of tetra- to hexabrominated parent PBDEs demonstrated that only the
tetrabrominated BDE-47 affected the intracellular Ca®* homeostasis. As the estimated brain
concentration of BDE-47 amounts at most to 1.1 uM, presynaptic changes might possibly
contribute to the observed functional defect in synaptic plasticity. Possible presynaptic effects
of PBDEs in vivo (as demonstrated in vitro; chapter 4 - 7) were probably transient, and
therefore no longer detectable at 7 - 9 days after administration, when LTP was measured.
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Influence of transient alterations in [Ca2+]i on brain development is not unlikely, since ca**
signals are essential in (early) brain development (Moody and Bosma 2005; Spitzer 2006) and
the induction of synaptic plasticity (Malenka and Nicoll 1999; Soderling and Derkach 2000).
Moreover, the measured values are an underestimation of local membrane- or store-
associated [Caz+]i, since the measured signal is an average value for the entire cytosol.

The acute effects of BDE-47 were also investigated in primary human neural progenitor
cells (hNPCs; chapter 7). In hNPCs, BDE-47 robustly increased [ca”™: already at 2 puM.
Experiments under Ca’*-free conditions revealed that BDE-47 increased [Ca2+]i by influx of
extracellular Ca®*. The LOECs of BDE-47-induced alterations in [Ca“]i were the same in hNPCs
and PC12 cells. Nevertheless, the increases in [Ca2+]i were much larger in the hNPCs. However,
it remains unclear whether the observed difference in potency of BDE-47 in PC12 and hNPCs
is due to interspecies differences. Possibly, the observed potency difference results from
intrinsic differences between the used pheochromocytoma cell line and primary neural
progenitor cells. Investigation of the acute effects of BDE-47 on [Ca”*]; in rodent neurospheres
would be informative in this matter.

In this research, BDE-47 was the only parent PBDE that acutely affected neuronal
signaling in vitro. However, neurobehavioral effects have also been detected for several
higher brominated PBDEs (e.g., BDE-99 and BDE-209; see also §1.3). This demonstrates, as
expected, that acute effects on [Ca2+]i contribute to, but are not the major cause of the
observed neurobehavioral effects in vivo.

The LOEC in vitro exposure concentration (2 uM) corresponds to a serum
concentration of approximately 85 pg/g lipids. When considering only a safety factor for
intraspecies variability (10), human serum levels of BDE-47 (Table 9.1) are well below the
estimated safe level of 8500 ng/g lipids. However, in individual exposure situations, the serum
concentrations of BDE-47 are only 1 order of magnitude lower than the estimated safe level.
In European occupational settings, serum levels of PBDEs are usually similar to the general
population (Table 9.1). However, in employees of an e-waste dismantling site in South-China,
SPBDE serum levels up to up to 8500 ng/g lipids (median: 600 ng/g lipids) were measured.
However, serum concentrations of BDE-47 did not account for a large part of the XPBDE
exposure (median BDE-47: 9.5 ng/g lipids, up to 180 ng/g lipids), which was mostly accounted
for by higher brominated (octa-deca) PBDEs (Bi et al. 2007). BDE-47 serum concentrations up
to 540 ng/g lipids (median: 100 ng/g lipids) were recently detected in people working with
flame-retarded foam (Stapleton et al. 2008b). These studies demonstrate higher exposure of
people in specific occupations. As in the general population, median BDE-47 serum
concentrations are below the estimated safe level, although in an increased number of
individual occupational exposure situations (compared to in the general population), BDE-47
serum levels are relatively close, but still within 1 order of magnitude, to the estimated safe
level.
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OH-PBDEs. Endocrine studies indicated that the potency of OH-PBDEs was generally higher
compared to their parent congeners (§1.4). In addition, toxicokinetics studies revealed the
formation of OH-PBDEs in vivo and in vitro (§1.4). Therefore, the acute effects of OH-PBDEs
on vesicular neurotransmitter release and [Ca2+]i were investigated in this PhD-research.

The hydroxylated PBDE metabolite 6-OH-BDE-47 caused a robust increase in vesicular
neurotransmitter release in PC12 cells at already 5 uM within several minutes after the start
of exposure. While BDE-47 itself showed a moderate, slow increase in intracellular [Ca2+]i,
6-OH-BDE-47 caused a rapid, robust increase in [Ca“]i by release from endoplasmic reticulum
(ER) and mitochondria at an exposure level of 1 uM (chapter 4). Suggestions for ER stress by
two different OH-PBDEs from gene expression profiling in human adrenocortical carcinoma
(H295R) cells affirm the probability that the effects of OH-PBDEs on intracellular stores are
not specific for neuronal/neuroendocrine cells (Song et al. 2009).

While basal [Ca2+]i was increased by the OH-PBDEs, depolarization-evoked [Ca2+]i in
PC12 cells was inhibited at similar LOECs (chapter 5 and 6). Increases in basal [Ca**]; prior to
depolarization potentiated the direct inhibitory effect of the OH-PBDEs, probably by Ca®'-
dependent regulatory mechanisms.

Acute effects of 6-OH-BDE-47 on [Ca2+]i were also investigated in hNPCs (chapter 7). In
hNPCs, 6-OH-BDE-47 increased [Ca’"]; already at 0.2 uM. Experiments in Ca’*-free conditions
revealed that 6-OH-BDE-47 increases [Ca2+]i by releasing Ca” from the ER and mitochondria,
as well as by influx of extracellular Ca**. Based on the LOEC of 6-OH-BDE-47-induced acute
increase [Ca2+]i in hNPCs it is plausible that OH-PBDEs may contribute to the observed
impairments in LTP and neurobehavior. However, (peak) brain OH-PBDE concentrations
during exposure regiments resulting in behavioral impairments are currently lacking.

Possible structure-related effects of OH-PBDEs on [Ca’']; were investigated in PC12
cells, by using a set of hydroxylated metabolites of BDE-47 with variation in hydroxylation
position and bromination pattern (chapter 5). The data revealed different potencies and
sources of Ca’* involved in the observed OH-PBDE-induced increase in [Ca2+]i. Based on these
results, it can be concluded that the potency of OH-PBDEs to disrupt Ca®* homeostasis
depends on the presence of shielding atomic groups (bromine atom or aromatic ring)
adjacent to the OH, while the position of the OH (ortho, meta or para) was of lesser
importance.

When using the same conversion methods as for parent PBDEs, the LOEC of 6-OH-
BDE-47 (0.2 uM) in hNPCs corresponds to human serum concentrations of approximately
10 pg/g lipids. By using only a safety factor for intraspecies variability (10), this results in an
estimated safe level of 6-OH-BDE-47 in human serum of 1 pg/g lipids.

Chemical oxidative transformation rates for PBDEs are slow compared to those for the
OH-PBDEs, suggesting that OH-PBDEs, when released into the environment, undergo faster
oxidative metabolism and excretion than the PBDEs (Moreira-Bastos et al. 2008). However,
studies on human exposure to OH-PBDEs revealed that various OH-PBDEs are present in
human serum, at concentrations similar to or sometimes even higher than the concentration
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of PBDEs (Athanasiadou et al. 2008; Qiu et al. 2009). Nonetheless, even individual worst-case
human serum levels of 6-OH-BDE-47 (Table 9.1) are still at least an order of magnitude below
the estimated safe level of 1 ug/g lipids 6-OH-BDE-47 in serum.

Furthermore, it is expected that OH-PBDEs and hydroxylated polychlorinated biphenyls
(OH-PCBs) are more associated to proteins than lipids. It requires further study to determine
whether this property affects concentrations of OH-PBDEs measured in the serum fraction.
Moreover, the binding of OH-PBDEs to circulating proteins such as transthyretin may limit its
elimination (Gebbink et al. 2008a).

It was also demonstrated in this PhD-research that all investigated hydroxylated
metabolites of BDE-47 increase [Ca’']; (chapter 5). Although different potencies were
observed, it is not unlikely that most hydroxylated metabolites of medium brominated
diphenyl ethers affect cellular calcium homeostasis. When comparing worst-case human
2OH-PBDE levels (Table 9.1) with the worst-case LOEC of OH-PBDEs (0.2 uM, as measured in
hNPCs), the margin of exposure is insufficient. However, when taking into account potency
differences (chapter 5), it is possible that a higher LOEC for OH-PBDE mixtures is more
realistic. When comparing the highest observed LOEC for an OH-PBDE (20 uM, corresponding
to 850 ug/g lipids in serum) with the median and highest human serum levels for SOH-PBDEs,
the margin of exposure is adequate. However, as interactions between OH-PBDEs remain
unclear, the default approach for human risk assessment for OH-PBDEs should be additivity.

HBCD. Behavioral as well as in vitro neurotoxic effects of HBCD similar to those observed for
PBDEs were found in a relatively small number of studies (Eriksson et al. 2006b; Mariussen
and Fonnum 2003; Reistad et al. 2006). To study possible similarities to PBDEs considering
neuronal signaling, effects of HBCD on [Ca®"]; and vesicular neurotransmitter release were
investigated (chapter 8). HBCD exposure did not induce any effects on basal [Ca™; or
vesicular neurotransmitter release. When vesicular neurotransmitter release was triggered by
a depolarization-evoked temporary increase in [Ca*'];, HBCD inhibited depolarization-evoked
[Ca®*]; as well as neurotransmitter release. The LOEC of the inhibition of depolarization-
evoked [Ca™]; was 2 UM. The effects of a- and B-HBCD were comparable to that of the
technical mixture, whereas the inhibitory effect of y-HBCD was significantly larger. The
inhibitory effect of HBCD was not specific for one type of voltage-gated Ca”" channel (VGCQ),
and exposure for at least 5 min to HBCD prior to depolarization was required for the observed
inhibition of depolarization-evoked [Ca2+]i.
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Table 9.2. Estimated serum concentrations corresponding to LOECs in this research (A) and human
HBCD serum concentrations (B).

A.  Estimated serum concentrations corresponding to in vitro treatments in this research

estimation median
sample HBCD (ng/ lipids) (ng/ lipids) references
LOECin PC12 2 uM HBCD 110*10° n.a.
B. Human exposure to HBCD
range median
sample HBCD (ng/e lipids) (ng/e lipids) references
HBCD exposure in adults
Thomsen et al.
adults (m), Norway HBCD n.d.-52 4.1 2008
adults (f), Norwa HBCD nd.-18 2.6 Thomsen et al.
' Y o : 2008
adults, the Netherlands HBCD nd.-7.4 0.7 Meijer et al. 2008
adults (elderly f), Sweden HBCD n.d.-3.4 0.46 Weiss et al. 2006
fetal HBCD exposure
cord blood, the Netherlands HBCD 0.2-4.3 0.2 Meijer et al. 2008
occupational HBCD exposure
employees in polystyrene Thomsen et al.
production, Norway HBCD 6-856 101 2007

Inhibition of depolarization-evoked [Ca”']; has thus been observed in this research for
both HBCD and OH-PBDEs, but not for PBDEs. The LOEC for HBCD and 6-OH-BDE-47 is the
same (2 uM), while the other investigated OH-PBDEs inhibit depolarization-evoked [Ca2+]i at
concentrations > 5 uM. The efficacy of inhibition by 2 uM 6-OH-BDE-47 or HBCD is also
similar. However, OH-PBDEs near-completely inhibit depolarization-evoked [Ca™); at 20 UM,
while 20 uM HBCD inhibits depolarization-evoked [Ca**]; to approximately 50% of control.
Moreover, the inhibition of depolarization-evoked [Ca®]; by OH-PBDEs coincides with
increases in basal [Ca“]i, while this is not the case for HBCD. Therefore, the potential of
OH-PBDEs to disrupt the balance in basal and depolarization-evoked [Ca™;is larger compared
to that of HBCD (Figure 9.1). Nonetheless, in vivo co-exposure to (OH-)PBDEs and HBCD is to
be expected. Therefore, possible additivity of OH-PBDEs and HBCD to inhibit depolarization-
evoked [Ca2+]i requires further study.

By applying safety factors for intra- and interspecies variability (10x10), the estimated
safe level of HBCD in human serum is 110 pg/g lipids. Both in occupational settings as in the
general population, human serum levels are well below this estimated safe level (Table 9.2).
However, this conclusion is drawn from a relatively small number of studies. Human internal
HBCD exposure has also been investigated and detected in the Belgium, Norway, Czech
Republic, Spain, Russia, China, Japan and US, by measurements in adipose tissues and breast
milk (Colles et al. 2008; Eljarrat et al. 2009; Johnson-Restrepo et al. 2008; Kakimoto et al.
2008; Polder et al. 2008a, 2008b; Pulkrabova et al. 2009; Shi et al. 2009).
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Metabolism of HBCD has recently been investigated in toxicokinetics studies with fish
as well as rodents. Debromination as well as formation of hydroxylated metabolites of HBCD
was detected in rats after dietary exposure (Brandsma et al. 2009) and similar metabolic
processes have been suggested to occur in the harbor seal using hepatic microsomes (Zegers
et al. 2005). Considering the increased neurotoxic and endocrine potency of PBDEs resulting
from oxidative metabolism and the potential increased use of HBCD, these effects need also
to be investigated for hydroxylated metabolites of HBCD.

cell membrane
f o | [Vaccs
/Oeo&

mitochondria/

Figure 9.1. Summary of effects of (OH-)PBDEs and HBCD on intracellular Ca*" homeostasis observed in
this PhD-research (chapter 4 - 8). OH-PBDEs increase basal [Ca*']; mainly by inducing release of Ca®*
from endoplasmic reticulum (ER) and mitochondria (chapter 4 - 5). HBCD does not affect basal [Ca2+]i
but inhibits depolarization-evoked [ca™]; by non-specific inhibition of voltage-gated Ca®* channels
(VGCCs; chapter 8). Inhibition of depolarization-evoked [Caz+]i is also observed for the OH-PBDEs
(chapter 6). Moreover, preceding increases in basal [Cab]i potentiate the subsequent inhibition in
depolarization-evoked [Ca2+]i by OH-PBDEs (*).
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10.1 The developing brain

Based on estimated tissue concentrations during the postnatal exposure to BDE-47 resulting
in impaired long-term potentiation (LTP; chapter 3) and observed-effect concentrations
detected in vitro (chapter 4 - 7), the risk of decreased synaptic plasticity in humans resulting
from acute (transient) cellular effects of environmentally relevant exposure to BDE-47
appears very low (chapter 9). Nonetheless, neurobehavioral effects have been detected at
much lower exposure concentrations of polybrominated diphenyl ethers (PBDEs). After
developmental exposure to BDE-99 (by administration of a single oral dose of 60 or 300 pg/kg
bw to the dams), behavioral changes, mainly hyperactivity, were observed in rats (Kuriyama
et al. 2005). The lowest administered dose in this study is almost 3 orders of magnitudes
higher than the estimated daily intake of PBDEs by breastfed infants in the US (86.4 ng/kg
bw/day; Johnson-Restrepo and Kannan 2009). However, it is within the same order of
magnitude as the summed up dietary intake of PBDEs within the first year (by using a
conservative approach).

These observed effects at low exposure concentrations are likely related to the higher
sensitivity of the developing brain compared to the adult brain to external stimuli, including
xenobiotics. This higher sensitivity is due to the multitude of strictly regulated processes in
brain development (proliferation, differentiation, migration and the formation of networks)
(Grandjean and Landrigan 2006). Because of the observation of behavioral impairments in
rodents after PBDE exposure during postnatal brain development, PBDEs were classified as
one of many possible developmental neurotoxicants (Grandjean and Landrigan 2006).

Because of the strict temporal regulation of brain development processes, time-
windows particularly sensitive to neurotoxic insults occur. Although brain development in
humans extends into early childhood, especially the perinatal period of brain development
(‘brain growth spurt’) has been proven to be very sensitive to neurotoxic effects (Rice and
Barone 2000). When reviewing human exposure to assess risk for developmental
neurotoxicity by using rodent studies, interspecies differences in timing of brain development
have to be considered. In rodents, usually the experimental model for developmental
neurotoxicity and neurobehavioral studies, the rapid brain development occurs within the
first postnatal weeks. In contrast, rapid brain development in humans occurs before and after
birth (Davison and Dobbing 1968). This rapid brain growth starts in the 2™ trimester, peaks
around birth and then extends into early childhood (1 - 2 years; Rice and Barone 2000;
Davison and Dobbing 1968). Because of these interspecies differences in brain development
timing, in utero exposure (primarily through placental transfer; Myren et al. 2007) is probably
more relevant for developmental neurotoxicity in humans as in rodent neurodevelopment,
while lactational transfer of PBDEs appears to be important for humans as well as rodents.

For PBDEs, placental transfer has been demonstrated in humans by investigating levels
of PBDEs in human umbilical cord blood (Table 9.1) and fetal liver samples (Doucet et al.
2009; Schecter et al. 2007). The highest values have been detected in US samples, while in
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cord blood samples from European countries, 2PBDE levels are approximately 2 - 20 times
lower (Table 9.1). Moreover, PBDEs have been detected in human extraplacental gestational
membranes, although the actual fetal exposure resulting from the presence of PBDEs in these
membranes remains unknown (Miller et al. 2009).

In fetal liver and placental tissue, CYP450 (CYP) enzyme activity is present (Hakkola et
al. 1998). Placental transfer of hydroxylated polychlorinated biphenyls (OH-PCBs) has been
demonstrated in experimental studies (Meerts et al. 2002). Although placental transfer of
hydroxylated PBDEs (OH-PBDEs) has not yet been proven, it is not unlikely, due to the
structural resemblance with OH-PCBs. Therefore, the internal fetal exposure may be due to
internal hydroxylation and/or placental transfer from the mother.

A distribution study with radiolabeled PBDEs in mice showed that fetal uptake during
gestation was relatively limited, while maternal transfer via breast milk resulted in transfer of
approximately 20% of the administered dose to the offspring (Darnerud and Risberg 2006).
Assuming similar toxicokinetics of PBDEs in humans during gestation and lactation, this
suggests that exposure through lactation is from a quantitative point of view an important
exposure route in humans. The highest median concentration of ZPBDEs measured in human
breast milk was 50.4 ng/g lipids (range: 6.3 - 321 ng/g lipids) in primipara from the Pacific
Northwest of the US and Canada (She et al. 2007). In Europe and Asia, median PBDE
concentrations are approximately one order of magnitude lower (reviewed in Frederiksen et
al. 2009). Over the last decades, European breast milk levels of PBDEs are leveling off
(Guvenius et al. 2003; Lind et al. 2003) but time trends of PBDE levels in North American
breast milk have not been investigated thoroughly. Very recently, methoxylated PBDEs
(MeO-PBDEs; median: 16.2 pg/g lipids, range: 0 - 10041 pg/g lipids) and OH-PBDEs (median:
66.6 pg/g lipids, range: 0 - 6264 pg/g lipids) have been detected in human milk from
Catalonia. In this Mediterranean region the PBDE levels are within the range of those
observed in other parts of Europe and Asia (Lacorte and lkonomou 2009). Thus, similar levels
of MeO-PBDEs and OH-PBDEs in human breast milk can be expected in other parts of the
world with normal background exposure to PBDEs.

Like PBDEs, hexabromocyclododecane (HBCD) has also been detected in breast milk
(reviewed in Eljarrat et al. 2009). Information about the presence of specific diastereoisomers
of HBCD is very limited, showing either predominance of a-HBCD or y-HBCD (Shi et al. 2009).
It is not unlikely that in the near future HBCD levels in human breast milk can rise due to
increased use of this flame retardant in consumer products. However, very few observations
so far can confirm this hypothesis (Eljarrat et al. 2009).

Nevertheless, a negative advice for breastfeeding has always been considered
unwarranted, because of the nutritional, immunological and psychosocial benefits of
breastfeeding. However, it should be recognized that a risk-benefit analysis with regard to
breastfeeding and the associated exposure to xenobiotics including PBDEs and PCBs is
currently lacking. Particularly in highly exposed communities, breast milk concentrations of
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neurotoxic environmental pollutants, including PBDEs, should be assessed to prevent
developmental neurotoxicity in humans.

Because of the complexity and strict temporal regulation of brain development, it is
difficult to estimate whether gestational or lactational exposure is most relevant for
developmental neurotoxicity in humans. Hence, the lower exposure during a sensitive
(possibly prenatal) developmental phase may be more hazardous for the developing fetal
brain than the higher exposure during the next (possibly postnatal) developmental phase via
e.g. lactational transfer. Solving this issue remains difficult, as complete understanding of
brain development has not been achieved yet. This is particularly true with respect to
disruption by external stimuli, including xenobiotics, and their relationship with
neurodevelopment and cognitive and behavioral function (Paterson et al. 2006).

For the large set of chemicals that have to be assessed for developmental neurotoxicity
in humans within the REACH framework, in vitro screening methods for developmental
neurotoxicity should be considered essential due to ethical and time considerations for
animal experiments (Breier et al. 2009). The current development of in vitro systems is aimed
to allow hazard characterization for developmental neurotoxicity in humans by comparing
specific (acute) toxic effects with specific temporal vulnerabilities of processes during brain
development.

10.2 Brain concentrations versus serum concentrations

For the risk assessment of neurotoxicity by (OH-)PBDEs and HBCD as described above, serum
levels on a lipid weight basis were taken as a measure for human internal exposure. However,
the brain is rather effectively protected from toxic insults by the blood-brain barrier (Rubin
and Staddon 1999). Small lipophilic compounds are generally assumed to freely cross the
blood-brain barrier by passive diffusion. Nevertheless, it remains unclear whether this is also
the case for PBDEs because of their high molecular weight. Therefore, concentrations in the
brain may be different from serum levels. Several environmental and animal studies,
described below, have investigated accumulation of (OH-)PBDEs in the brain.

In spite of the presence of the blood-brain barrier that could reduce uptake of PBDEs
from blood, significant concentrations of these compounds have been detected in the brain
of wildlife species. In Swiss birds of prey and US herring gulls, brain ZPBDEs (up to 14 ng/g wet
weight and 143 ng/g wet weight, respectively) could be detected (Crump et al. 2008; Naert et
al. 2007). In a study on Belgian birds of prey, approximately 5% of the PBDE body burden was
detected in brain, while approximately 15% was detected in serum (Voorspoels et al. 2006).
PBDEs have also been detected in the brain of mammalian top predators, albeit at lower
levels than those observed in birds. In North American wild river otters, PBDEs were detected
in cerebral cortex (Basu et al. 2007). In Greenland polar bears, brain ZPBDE levels were
detected up to 7.6 ng/g wet weight and approximately 2 - 3 times higher compared to blood.
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In polar bears, OH-PBDEs were not detected in the brain, but in the blood, levels were found
up to 13 ng/g wet weight (Gebbink et al. 2008b). In another study, PBDEs as well as OH-PBDEs
were detected in cerebrospinal fluid (CSF) and cerebellar grey matter in Atlantic white-sided
dolphins. Levels of PBDEs and OH-PBDEs in cerebellum were higher compared to those in CSF
(Montie et al. 2009).

Partitioning of PBDEs into the brain was also investigated in toxicokinetics studies,
often by using radiolabeled PBDEs. PBDEs were detected in brain after a single oral dose of
BDE-47 or BDE-99 in mice (Hakk et al. 2002; Orn and Klasson-Wehler 1998). In addition,
following maternal exposure to BDE-47, BDE-85 or BDE-99, PBDEs were not only detected in
the dam’s brain, but also in fetal brain (Darnerud and Risberg 2006). A more detailed
toxicokinetics study in mice after exposure to BDE-153, administered intravenously, revealed
that the percentage of the total dose present in the brain was approximately 4 times higher
than in blood (Staskal et al. 2006b). In another study, neonatal mice received a single oral
dose of BDE-47 on postnatal day (PND) 10, which was a similar exposure regime as used to
detect neurobehavioral effects and effects on synaptic plasticity by BDE-47 (Eriksson et al.
2001b; chapter 3). Under these conditions a slower partitioning in the neonatal brain was
observed compared to adult mice. In this case, BDE-47 levels in the brain reached
approximately 0.6% of the administered dose 12 days post exposure (Staskal et al. 2006a). A
toxicokinetics study with the commercial PBDE mixture DE-71 in pregnant mink and their
offspring again demonstrated significant maternal transfer to the offspring. Moreover, a
higher proportion of the PBDE body burden was present in the brain of offspring compared to
the dams. While OH-PBDEs were detected in the plasma, liver and feces of offspring,
OH-PBDEs were not detected in brain (Zhang et al. 2008a). After oral administration of
radiolabeled BDE-209 to rats (gestation day; GD 16 - 19), only approximately 0.01% of the
administered dose was detected in the maternal brain at GD 20 (Riu et al. 2008).

In Greenland polar bears, approximately 40 ng/g wet weight a-HBCD was detected in
adipose tissue, but no detectable levels in serum, brain or liver (Gebbink et al. 2008a). In
Glaucus gulls found dead in Norway, 0.005 to 0.5 pg/g wet weight a-HBCD was detected in
brain tissue, while in contrast - and y-HBCD were not detected (Sagerup et al. 2009).

HBCD partitioning into the brain has also been investigated experimentally. After a
peritoneal injection, HBCD was detected in rat brain, at 4% of the concentration that was
found in the liver (Reistad et al. 2006). Another study investigated disposition of HBCD
diastereoisomers in trout, showing gradual accumulation in and elimination from the brain
over several days (Haukas et al. 2009b).

The environmental and experimental toxicokinetics studies described above
demonstrate that PBDEs and HBCD partition into the brain. Therefore, it is not unlikely that
these brominated flame retardants also reach the human brain. However, this appears much
less the case for BDE-209. On the other hand, it has been observed in experimental and
wildlife studies that OH-PBDEs are usually not detectable in brain. Therefore, high
concentrations of OH-PBDEs are not likely to be found in the human brain. Although
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OH-PBDEs are generally not detected in the brain, both in adults and infants, endocrine cells
such as adrenal chromaffin cells and cells in the thyroid gland are not protected by the blood-
brain barrier. As they are therefore exposed to organohalogen environmental pollutants at
levels measured in serum, OH-PBDEs could disrupt Ca’*-related processes in these and
possibly other celltypes.

Nonetheless, it should be recognized that in the case of some OH-PCBs, specific
accumulation in brain tissue occurs. Higher concentrations of 4-OH-PCB-109 compared to
single PCB congeners was observed in fetal brain after oral administration of commercial PCB
mixture Aroclor 1254 to pregnant rats from GD 10 - 16 (Morse et al. 1996). This specific
accumulation of OH-PCB in the fetal brain has been suggested to be associated with binding
of the OH-PCB to transthyretin, based on reduced concentrations of thyroxine in the brain
(Meerts et al. 2002). OH-PBDEs also strongly bind to transthyretin as well as to thyroxine
binding globulin, which is the main transporter protein for thyroid hormones in humans
(Marchesini et al. 2008). Moreover, the embryonic blood-brain barrier is more permeable to
small molecules (Engelhardt 2003), creating additional sensitivity to xenobiotics during
development. It is of particular concern that PCBs directly disrupt blood-brain barrier
integrity, as has recently been demonstrated in rats (Seelbach et al. 2009). Because of the
discrepancy between observations in wildlife and toxicokinetics studies with parent PBDEs
and accumulating properties demonstrated for the structurally related (OH-)PCBs, the
potential of OH-PBDEs to enter the brain requires further study.

10.3 Chemical mixtures

It is evident that humans are systemically exposed to a plethora of environmental pollutants,
either simultaneously or serially. Some xenobiotics detected in humans have been out of
production since long, but are still present in the environment and human food chain because
of their environmental persistence. While some of these xenobiotics are clearly present in
concentrations far below their possible toxic levels or rapidly removed from the body, several
classes of persistent environmental pollutants that are still present in the human body are
associated with concerns for human health.

In relation to neurotoxicity and PBDEs the occurrence of mixtures with various
congeners has to be considered for risk assessment. Although it has only just been announced
that the use of DecaBDE will be phased out in North America following an earlier ban in
Europe, large environmental reservoirs of BDE-209 have already been formed in sediments
(Ross et al. 2009) and there is evidence arising for environmental debromination of this
congener to lower brominated diphenyl ethers.

Debromination of BDE-209 by photodegradation to lower brominated congeners
(tetra- to nonaBDEs) has been observed on the surface of sediment, soil and sand (Ahn et al.
2006; Soderstrom et al. 2004) and in solution (Bezares-Cruz et al. 2004; Christiansson et al.

147



Neurotoxicity risk assessment issues

2009; Eriksson et al. 2004). Interestingly, the photodegradation rate of PBDEs is positively
correlated with an increasing degree of bromination (Eriksson et al. 2004). It has been
estimated by environmental fate modeling that respectively 13% and 2% of penta- and
tetraBDEs in the global environment originate from degradation of BDE-209 (Schenker et al.
2008). When introduced into the food chain, PBDEs can be degraded further in living
organisms. Reductive debromination of BDE-209 has been observed in anaerobic bacteria
(Gerecke et al. 2005; He et al. 2006) and in some fish species as well as in mammals, including
humans (Huwe and Smith 2007; Kierkegaard et al. 1999, 2007; Stapleton et al. 2004a, 2006;
Thuresson et al. 2005; Tomy et al. 2004b).

Until now, interactions between environmentally relevant PBDE congeners has been
investigated in only one study. Dependent on the concentrations, both synergistic and
antagonistic effects of BDE-47 and BDE-99 were observed with respect to reactive oxygen
species (ROS) formation in human neuroblastoma SK-N-MC cells (Tagliaferri et al. 2009). At
low exposure concentrations synergism was observed, indicating possibly other than additive
interactions for PBDE mixtures in biota.

As OH-PBDEs should be regarded as more or at least equally toxic compared to parent
PBDEs, it is essential that exposure to parent as well as OH-PBDEs is assessed. Despite the fact
that DecaBDE is environmentally debrominated to lower brominated PBDEs, it remains to be
seen whether hydroxylation of debromination products of DecaBDE contributes to
environmental or human exposure to OH-PBDEs. It has to be kept in mind that several
environmental degradation processes also occur. OH-PBDEs dissolved in water are rapidly
decomposed photochemically, especially in the presence of hydrogen peroxide, which is
commonly used in waste-water treatment plants (Moreiro-Bastos et al. 2009). Hydroxylated
polychlorinated diphenyl ethers are methylated by micro-organisms, suggesting a possible
route of degradation for OH-PBDEs (Hundt 2000).

In chapter 5, a structure-activity relationship was proposed for OH-PBDE-induced
effects on intracellular Ca** concentration ([Ca’'];). It was demonstrated that the potency of
OH-PBDEs to release Ca®* from intracellular stores was decreased when the OH-group was
shielded on both sides with Br-atoms or a Br-atom and an aromatic ring. It remains uncertain
though plausible that OH-PBDEs, in which the C-atoms adjacent to the OH-group are
unsubstituted, are even more active in disrupting Ca’* homeostasis. Intriguingly,
tetrabrominated bisphenol-A, in which two OH-groups are present (shielded on both sides
with Br-atoms), is a potent inhibitor of Ca®* pumps involved in ca” compartmentalization in
the ER (Ogunbayo and Michelangeli 2007). However, additional experimental information is
required to extend the proposed structure-activity relationship to other (groups of)
chemicals.

For risk assessment in the near future, it is essential to study environmental or dietary
OH-PBDE exposure patterns and those originating from metabolic conversion. For the latter
aspect it has also been observed that interindividual differences commonly occur (Hong and
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Yang 1997). The neurotoxic potential of OH-PBDE exposure patterns for disturbance of [Ca™,
and possibly neuronal signaling, could theoretically be predicted by using structure-activity
relationships.

For other toxic endpoints, mainly cytotoxicity and CYP enzyme induction, structure-
activity relationships of OH-PBDEs have also been proposed. An earlier study on toxicity of
OH-PBDEs in a bacterium and a fungus demonstrated that cytotoxicity was higher for the
ortho-hydroxylated PBDEs when the adjacent C-atom was Br-substituted (Handayani et al.
1997). Cantdn et al. (2005) identified significant aromatase activity inhibition in human
adrenal corticocarcinoma H295R cells by ortho-hydroxylated PBDEs. However, in this study,
ortho-hydroxylated PBDEs were more cytotoxic than para-hydroxylated PBDEs. Cytotoxicity
was decreased significantly when an additional Br-atom was present that could shield the
OH-group (Cantdn et al. 2005). In human adrenocarcinoma H295R cells inhibition of CYP17
activity was observed by ortho-hydroxylated PBDEs but this was apparently not dependent on
the presence of an adjacent Br-atom in the meta-position (Cantén et al. 2006). Inhibition of
CYP17 activity was also observed for a para-hydroxylated PBDE, 4’-OH-BDE-49, but this was
not consistent for other para-hydroxylated congeners tested. In both 4’-OH-BDE-49 and
4-OH-BDE-42, bromine substitution at the phenol ring is at an ortho- and a meta-position,
suggesting an additional influence of the bromination pattern in itself (Cantén et al. 2006). In
human placental microsomes, an extensive set of OH-PBDEs was again tested for inhibition of
aromatase activity. Aromatase activity was inhibited by all tested OH-PBDEs, independent of
the hydroxylation position. In this case no clear activity relationship could be deduced from
ICso and maximum inhibition values (Cantdén et al. 2008b). Data on binding of para-
hydroxylated PBDEs to various hormone receptors indicated also that the presence of
adjacent bromine atoms causes steric hindrance for binding to the estrogen receptor (Kojima
et al. 2009).

These combined studies indicate the complexity of structure-activity relationships of
OH-PBDEs. Different or even opposite associations are suggested for different toxic
endpoints, e.g. bromine substitution adjacent to the ortho-OH-group increases cytotoxicity in
a fungus, but does not influence CYP17 inhibition in H295R cells while decreases disruption of
Ca®* homeostasis in PC12 cells. Thus, relationships between an OH-group and adjacent
bromines in relation to different toxic endpoints remain until now unclear.

Another group of PBDE metabolites are the bromophenols, which have been detected
in mouse plasma after exposure to commercial PBDE mixture DE-71 (Qiu et al. 2007) and
human serum (Dallaire et al. 2009; Qiu et al. 2009). Formation of bromophenols was also
observed in human primary hepatocytes exposed to BDE-99 or BDE-209 (Stapleton et al.
2009).

Developmental toxicity of bromophenols has been detected in zebrafish embryos
(Kammann et al. 2006) and marine copepods (Wollenberger et al. 2005). Endocrine toxicity
includes estrogen-like effects in human mammacarcinoma MCF-7 cells (Olsen et al. 2002) and
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upregulation of gene expression of CYP enzymes involved in steroidogenesis (Ding et al.
2007). Like OH-PBDEs, bromophenols have been shown to bind to transthyretin (Ghosh et al.
2000; Hamers et al. 2006; Marchesini et al. 2008). Moreover, bromophenols also increase
basal [Ca’"]; and/or inhibited depolarization-evoked [Ca®"]; in PC12 cells (lowest observed-
effect concentration; LOEC: 300 uM; Hassenklover et al. 2006), and directly inhibit currents
through voltage-gated Ca®* channels (VGCCs) in PC12 cells with a LOEC of 15 puM
(Hassenklover and Bickmeyer 2006). Although effect concentrations of bromophenols and
OH-PBDEs on [Ca2+]i are different, possible additive effects of these two classes of metabolites
of PBDEs require further study.

Because of their structural similarity, investigation of neurotoxic endpoints of PBDEs
were usually based on previous observations of effects induced by PCBs. Especially for ortho-
substituted (ortho-)PCBs, neurotoxicity has been investigated thoroughly in vivo and in vitro.
The main neurotoxic endpoints of ortho-PCBs are similar to those observed for (OH-)PBDEs.
These are disruption of neurobehavior, decreased LTP, altered ca” homeostasis, inhibition of
neurotransmitter reuptake, and cytotoxicity in neuronal cell types (reviewed in Fonnum and
Mariussen 2009). Furthermore, disruption of the thyroid hormone system is another
important toxic endpoint of PCBs (Hallgren and Darnerud 2002).

An increase in [Ca™"]; by release from intracellular stores appears to be a common
effects of OH-PBDEs (chapter 4 - 5) and ortho-PCBs. Therefore, an additive effect of these
environmental pollutants on the increase in basal [Ca2+]i and possible inhibition of
depolarization-evoked [Ca’']; can be expected, that could jointly affect neurotransmitter
release as well as many other cellular processes (Clapham 2007).

In addition, gene expression profiling in hippocampus and cerebellum of rats that were
developmentally exposed to the commercial PCB mixture Aroclor 1254 revealed effects on
genes involved in Ca®* homeostasis, intracellular signaling, axonal guiding, cell proliferation
and differentiation. It should be noted that genes related to thyroid hormone functioning
were not affected, suggesting that thyroid hormone disruption is not involved in
developmental neurotoxicity of PCBs (Royland and Kodavanti 2008). Correlations between
PCB-exposure and neurodevelopmental effects in humans were detected in epidemiological
studies (reviewed in Boucher et al. 2009). However, in most studies other persistent organic
pollutants are not investigated.

Possible interactions of ortho-PCBs and PBDEs have been investigated in vitro as well
as in neurobehavioral studies. PCB-52-induced alterations in motor activity and decreased
habituation were enhanced by co-exposure to BDE-99 after an oral dose at PND 10 in mice
(Eriksson et al. 2006a). Co-exposure to BDE-47 with PCB-153 increases the impairment in
Morris water maze performance and alterations in expression of apoptosis-related genes in
the hippocampus of rats. In this study, also enhanced ultrastructural alterations of ER and
mitochondria were observed in neurons from the hippocampal CA1 region (He et al. 2009a).
Moreover, in human neuroblastoma SH-SY5Y cells, effects of BDE-47 on cell viability, [Ca2+]i,
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ROS formation, apoptosis and cytogenotoxicity were enhanced by co-exposure to PCB-153
(Gao et al. 2009; He et al. 2009b, 2009c). These studies indicate that the effects of PCBs are
enhanced by PBDEs, although additivity cannot be assumed.

Apart from PCBs, their hydroxylated metabolites have also been detected in the
environment and human tissues. Human are also exposed prenatally to OH-PCBs via placental
transfer (Park et al 2008; Sandau et al 2002; Weiss et al. 2006). As discussed above, OH-PCBs
have been shown to cross the blood-brain barrier (Meerts et al. 2002).

Similar effects on neurobehavior and thyroid hormone levels have been detected in
rats after developmental exposure to 4-OH-PCB-107 compared to Aroclor 1254, while
4-OH-PCB-107 and Aroclor 1254 affected brain levels of different neurotransmitters (Meerts
et al. 2004). Interaction of OH-PCBs with thyroid hormone receptors has also been detected
in the thyroid hormone-dependent rat pituitary GH3 cell line (Ghisari and Bonefeld-Jorgensen
2005). In addition, OH-PCBs show high affinity for human transthyretin and, to a lesser extent,
thyroxine binding globulin (Marchesini et al. 2008). In rat cerebellar Purkinje cells, the thyroid
hormone dependent outgrowth of dendrites was inhibited by OH-PCBs at very low
concentrations (50 pM; Kimura-Kuroda et al. 2007).

After developmental exposure to 4-OH-PCB-106 in rats, gene expression of glutamate
receptor subunits and thyroid hormone responsive genes were altered in cortex,
hippocampus and striatum in the offspring (Takahashi et al. 2009). OH-PCBs induce ROS
formation and cell death in rat cerebellar granule cells to a larger degree than their parent
congeners (Dreiem et al. 2009). In PC12 cells it was detected that 4-OH-PCB-106 induces the
expression of c-Jun, a protein that is activated by extra- and intracellular stress signals
(including UV radiation, osmotic stress, oxidative stress, extracellular acidification,
alkalinization or cytokines) with a LOEC of 10 nM. The results in this study suggest that the
response may be triggered by membrane-depolarization via Na* influx, followed by influx of
Ca” through VGCCs (Shimokawa et al. 2006). As VGCCs also play a role in the disruption of
Ca”* homeostasis by OH-PBDEs and HBCD (chapter 6 and 8), possible interactions of these
compounds with OH-PCBs should be investigated.

Despite the relatively small number of toxicity studies of OH-PCBs, it appears that
similar neurotoxic effects are observed for PCBs and their hydroxylated metabolites.
However, when considering binding to thyroid hormone transport proteins, not only
excretion of PCBs is facilitated, but they are also bioactivated by oxidative phase |
metabolism.

Risk assessment is for most classes of chemicals, with the exception of the toxic
equivalency approach for dioxins and dioxin-like compounds (van den Berg et al. 2006), based
on exposure and hazard assessment of single compounds, to which humans are exposed to at
presumably very low levels. Regulatory limit values are based on the toxicity threshold values
for single compounds. Because of the observed similarities in effects on neurobehavior and
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on acute in vitro effects related to neuronal signaling, additivity should be the default
approach for risk assessment of mixtures of PBDEs, PCBs and their metabolites. Because of
the possible additivity of these environmental pollutants at levels below effective
concentrations and the higher sensitivity of the developing brain, mixture effects should be
investigated and taken into account for human risk assessment for developmental
neurotoxicity.
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In this PhD-research, it is demonstrated that observed neurobehavioral effects of
polybrominated diphenyl ethers (PBDEs) are also reflected in decreased synaptic plasticity in
the hippocampus (chapter 3). It was also shown that hydroxylated metabolites of BDE-47
(OH-PBDESs) cause an imbalance in intracellular Ca*" concentration ([Ca®']) and possibly
neuronal signaling in PC12 cells by increasing basal and inhibiting depolarization-evoked
[Ca2+]i at lower concentrations compared to their parent BDE-47 (chapter 4 - 6). A structure-
activity relationship for disturbance of basal [Ca®"]; has been proposed (chapter 5). Inhibition
of depolarization-evoked [Ca2+]i has also been observed for hexabromocyclododecane (HBCD;
chapter 8), a possible replacement in additive applications of PBDEs. When OH-PBDE-induced
increase in basal [Ca’']; was transient, depolarization-evoked [Ca®*]; was inhibited, even if
basal [Ca’]; had approached baseline levels again for approximately 10 minutes. This
indicates that transient acute increases in [Ca2+]i affect regulatory mechanisms in the
maintenance of Ca** homeostasis. Based on this observation can be concluded that disruption
of Ca”* homeostasis should be investigated in real-time. A sensitivity difference was observed
in primary human neuronal and primary rat neuroendocrine cells (chapter 7). This indicates
that observed-effect concentrations retrieved from in vitro models have to be chosen
carefully when used for human risk assessment, to avoid under- or overestimation of these
effect concentrations.

Because of the observed analogies in disruption of [ca™: by (OH-)PBDEs and HBCD
with ortho-substituted polychlorinated biphenyls (ortho-PCBs), it is proposed that mixture
effects of these common environmental neurotoxicants should be taken into account for
human risk assessment. The relevance of mixture toxicity is practically supported by a recent
finding that motor, cognitive and behavior performance in 6-year old children is correlated
with maternal serum levels of PBDEs and OH-PCBs, but not PCB-153, measured in the 35"
week of pregnancy (Roze et al. 2009). Other persistent environmental pollutants were not
investigated in this study. Since the experimental investigation of interactions of every
combination of environmental pollutant is not achievable, additional research is needed to
allow prediction of mixture effects.

The underlying mechanisms for developmental neurotoxicity of PBDEs is not yet
solved, although it has become more clear that acute cellular neurotoxic effects as well as
disruption of the thyroid hormone system can both be involved in the developmental
neurotoxicity of PBDEs and HBCD (Figure 11.1).

PBDEs and HBCD are ubiquitous in the environment. Human exposure to PBDEs is
mainly via food and ingestion or inhalation of house dust (Johnson-Restrepo and Kannan
2009). Exposure can therefore partly be reduced by keeping the indoor environment clean
(zhang et al. 2009b). This especially concerns indoor environments were children stay,
because of child-specific hand-to-mouth behavior as well as frequent ground contact. As a
result, children ingest larger amounts of dust with adsorbed PBDEs. In addition, differences in
toxicokinetics compared to adults have to be taken into account for human risk assessment
(Ginsberg et al. 2004).
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Human serum levels of PBDE are associated with furniture flammability standards
(Zota et al. 2008). One possibility to reduce exposure would therefore be to lower fire safety
standards. However, it can be expected that fewer people have died in fires because of the
increased escape time since the introduction of chemical flame retardants. However, it
remains as yet uncertain if a decrease in fire deaths was indeed due to the application of
(brominated) flame retardants. Possibly, this decrease in fire death is due to other factors, for
example alterations in building methods or smoking habits. This remains unclear as a
thorough risk-benefit assessment of PBDEs or brominated flame retardants is currently
lacking. Such an assessment is particularly important for policymakers in the UK and the US,
as fire safety standards for brominated flame retardants are possibly unnecessarily high in
these countries (Law et al. 2006a).

Risk assessment for adverse effects in human and wildlife was clearly not adequate
when PCBs were introduced in modern society. However, several decades later, similarities
can be observed for the structurally related PBDEs. Regulatory risk assessment initially
regarded commercial PBDE mixtures as safe replacements of PCBs. During the last decade,
the use of PBDEs as flame retardants is now highly restricted in the EU with the exception of
DecaBDE in a number of applications. As a result of concerns for human health chemical
industry voluntarily withdrew the production of Penta- and OctaBDE commercial mixtures
from the North American market. It has only just been announced that the use of DecaBDE
will also be phased out in North America. Nevertheless, the use of these commercial PBDE
mixtures is still allowed in other parts of the world, resulting in continued environmental
release.

Because producers of consumer products still have to comply with fire safety
regulations, alternative, less extensively studied flame retardants are being used. By addition
of chemical groups, ‘new’ brominated flame retardants are constructed. Some examples are
decabromodiphenyl ethane or hexachlorocyclopentadienyldibromocyclooctane, which have
already been detected in the indoor environment (Stapleton et al. 2008a; Zhu et al. 2008) and
wildlife (Gauthier et al. 2009). Due to their (neuro)toxic mechanisms (Figure 11.1), it is of
concern that it cannot be excluded that PBDEs contribute to subclinical neurotoxic effects in
some human populations. Although the use of PBDEs has been greatly reduced due to
voluntary and legislative measures, humans and wildlife will be exposed to PBDEs and their
metabolites for many years to come because of their environmental persistence. This
underlines the necessity of implementing better hazard and risk assessment strategies for
identifying human health risks of new chemicals, such as novel brominated flame retardants.
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Chapter 11

adult brain: acute effects during (OH-)PBDE exposure
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Figure 11.1. Processes involved in (developmental) neurotoxicity of (OH-)PBDEs and HBCD. Aspects that
are particularly important for the developmental phase are italic. Relevant processes are placed on the
right from the target organs (brain, endocrine glands or liver). Neurotoxicity and disruption of the
thyroid hormone system are considered the main toxic endpoints for PBDEs. However, several observed
toxic effects of PBDEs could contribute to the observed effects on neurobehavior. None of the acute
cellular effects of PBDEs (1) has been determined as the leading cause for the observed developmental
neurotoxicity. Not unlikely, all acute effects of PBDEs and HBCD on intracellular signaling (disruption of
Ca®* homeostasis, protein kinases, imbalance in neuronal signaling) or cell viability (oxidative stress,
apoptosis) contribute directly or indirectly to the observed decreased synaptic plasticity and
neurobehavioral effects. By CYP enzyme induction (2), PBDEs induce the formation of hydroxylated
metabolites. In the adult brain, the duration of toxic effects are probably dependent on the exposure
duration. In the developing brain, however, transient toxic effects can be maintained through
neurodevelopment. Parent PBDE have been demonstrated to end up in the brain, and are therefore
possibly causing acute, possibly transient, toxic effects. High levels of OH-PBDEs in the brain have not
been detected, although transport over the blood-brain barrier via binding to thyroid hormone
transport proteins is not unlikely and should be investigated. (OH-)PBDE induced alterations of thyroid
hormone levels (3), either by induction of hepatic enzymes or competitive binding with thyroid
transporter proteins, could result in alterations in developmental processes like neuronal and glial
proliferation, differentiation and migration.
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Conclusions and recommendations

Conclusions.

Effects of PBDEs on learning and behavior are reflected in reduction of synaptic
plasticity, possibly related to the observed reduction in LTP-related postsynaptic
proteins.

Hydroxylated metabolites of BDE-47 (OH-PBDEs) have a higher potency to increase
the basal [Ca2+]i and inhibit the depolarization-evoked increase in [Ca2+]i compared to
their parent congener BDE-47, possibly creating an imbalance in neuronal
communication.

Disturbance of the Ca**-homeostasis by OH-PBDEs depends on shielding of the OH-
group by adjacent atomic groups.

BDE-47 as well as 6-OH-BDE-47 increase the basal [Caz+]i in human neural progenitor
cells to a higher extent compared to in PC12 cells.

HBCD, a possible replacement for PBDEs, inhibits the depolarization-evoked increase
in [Ca2+]i and vesicular neurotransmitter release, while basal [Ca2+]i or vesicular
neurotransmitter release are unaffected.

Concentrations of PBDEs en their metabolites in human (cord)blood are lower
compared to those that are expected to result in neurotoxic effects. However,
because of the current shortage in knowledge on brain concentrations, brain
development and mixture toxicity, this exposure to PBDEs and metabolites remains a
concern for the developing brain.

Recommendations.

Neurotoxicity risk assessment of PBDEs, their metabolites and related environmental
contaminants can be improved with increased knowledge on:
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2.
3.
4

oxidative metabolism resulting in bioactivation.

sensitivity to neurotoxicity during specific processes of brain development.
concentrations of PBDEs and metabolites in brain tissues.

interactions between different environmental contaminants during simultaneous
exposure.
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Gebromeerde vilamvertragers. In moderne samenlevingen zijn brandveiligheidseisen
ingesteld om persoonlijke ongelukken en economische schade door brand te beperken. Een
belangrijke maatregel daarbij is het gebruik van chemische vlamvertragers, die aan producten
worden toegevoegd om ontbranding te voorkomen of vertragen. Hierdoor is meer tijd om
een brand te blussen of ervan te ontsnappen.

Vanwege toenemende brandveiligheidseisen worden de laatste decennia steeds
grotere hoeveelheden vlamvertragers geproduceerd en gebruikt. In Europa en Noord-
Amerika worden gebromeerde vlamvertragers (brominated flame retardants; BFRs) veel
gebruikt. Zoals andere halogenen vangt broom vrijkomende vrije radicalen weg waardoor
vlammen niet groter kunnen worden. In de jaren ‘70 van de twintigste eeuw werden BFRs
geintroduceerd als vlamvertragers in industriéle en commerciéle producten nadat van
gechloreerde bifenylen (polychlorinated biphenyls; PCBs) negatieve effecten werden
waargenomen op de gezondheid en in experimentele studies.

BFRs worden gebruikt in bijvoorbeeld elektronica, meubels, stoffering,
bouwmaterialen en textielproducten. Er is een grote diversiteit aan BFRs. Gebromeerde
difenyl ethers (polybrominated diphenyl ethers; PBDEs), hexabromocyclododecaan (HBCD) en
tetrabrominated bisphenol-A (TBBPA) worden geproduceerd in grote hoeveelheden. De
moleculaire structuur van PBDEs bestaat uit twee fenylringen, aan elkaar verbonden met een
etherverbinding. De fenylringen hebben verschillende hoeveelheden en patronen van
bromering, resulterend in 209 verschillende PBDEs. PBDEs zijn op de markt gebracht als
commerciéle mengsels van voornamelijk tetra-hexaBDEs (PentaBDE), hepta-octaBDEs
(OctaBDE) en decaBDE (DecaBDE). HBCD is op de markt als een isomerisch mengsel (a-HBCD,
B-HBCD and y-HBCD) waarin vooral y-HBCD aanwezig is. Zowel PBDEs als HBCD zijn additieve
vlamvertragers, wat betekent dat deze BFRs geen chemische verbindingen hebben met de
moleculen in de producten waaraan ze zijn toegevoegd. Hierdoor kunnen deze BFRs ook uit
deze producten lekken.

Om blootstelling van mens en milieu te verminderen, worden BFRs in Europa
gereguleerd door verschillende wetten (REACH, RoHS en WEEE), alsook door product
stewardship van de betrokken industrie.

Milieucontaminatie en humane blootstelling aan PBDEs en HBCD. Tijdens de laatste
decennia zijn voornamelijk PBDEs gebruikt in commerciéle producten. Sinds 2004 zijn door
wetgeving en vrijwillige maatregelen van de betrokken industrie Penta- en OctaBDE gefaseerd
van de markt gehaald in Europa en Noord-Amerika. Recent heeft een uitspraak van het
Europese Hof de uitzonderingsstatus van DecaBDE verwijderd. Dit betekent dat ook DecaBDE
niet meer is toegestaan als een vlamvertrager in elektronica. Ook is zojuist (december 2009)
aangekondigd dat de betrokken industrie ook in Noord-Amerika DecaBDE vrijwillig gefaseerd
van de markt haalt. DecaBDE wordt echter nog steeds vrijwel ongelimiteerd gebruikt in
andere delen van de wereld. Ook de lager gebromeerde PBDEs worden nog steeds in mens en
milieu aangetroffen, ondanks het feit dat ze niet meer worden geproduceerd voor
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commercieel gebruik. Sinds commerciéle PBDE producten gefaseerd van de markt
verdwijnen, is HBCD vaak aangewezen als mogelijke vervanger voor een aantal toepassingen
van BFRs, hoewel dit niet is bevestigd door de betrokken industrieén. Net als PBDEs is HBCD
wijd verspreid in het milieu. Nadat Penta- en OctaBDE uit gebruik waren genomen in
commerciéle producten werd een snelle stijging van HBCD niveaus waargenomen in
zeezoogdieren. Deze toename werd toegeschreven aan een toegenomen gebruik van HBCD
als vervanger voor PBDEs in polystyreen (piepschuim). Vanaf 2005 zijn deze niveaus weer
gestabiliseerd, mogelijk door een verbetering in preventie van emissie van HBCD.

Blootstelling van mens en milieu aan PBDEs is afhankelijk van (historische)
gebruikspatronen van de verschillende commerciéle PBDE producten. PBDE komen
voornamelijk het milieu in op die plaatsen waar ze worden geproduceerd of gerecycled. Voor
blootstelling in het binnenmilieu is het vrijkomen van PBDEs door verdamping en slijtage van
producten waarin ze zijn gebruikt ook een belangrijke bron. Mensen worden dus blootgesteld
aan PBDEs via de lucht en door het inademen of inslikken van huisstof. Ook in diverse
plantaardige en dierlijke voedselproducten worden PBDEs aangetroffen. Humane
blootstellingsroutes aan HBCD zijn vergelijkbaar met die van PBDEs. HBCD is aangetroffen in
grondmonsters, biologische monsters en voedsel. HBCD is ook al gevonden in de poolregio,
wat lange-afstands en/of atmosferische transport suggereert, zoals al beschreven voor
andere persistente organische verbindingen.

PBDEs en HBCD accumuleren voornamelijk in top-predatoren in voedselketens.
Toxicokinetische dierstudies laten zien dat lager gebromeerde PBDEs snel worden
opgenomen en langzaam geélimineerd, en accumuleren in vetweefsel. Ook de slecht
opneembare BDE-209 wordt aangetroffen in vogeleieren, vogels, vissen en zeezoogdieren, en
in humane weefsels. Zorg over mogelijke ecotoxiciteit is ontstaan na de observatie van erg
hoge concentraties BDE-209 in roofvogels in Noord-China, die wijst op biomagnificatie in
voedselketens. Toxicokinetische studies in ratten, muizen en vissen hebben getoond dat
HBCD via het dieet accumuleert en door het gehele lichaam wordt verspreid. Net als PBDEs is
HBCD een lipofiele stof die accumuleert in vetrijke weefsels zoals lever en vetweefsel. De
afgelopen twee decennia zijn toenemende concentraties van HBCD waargenomen in eieren
van zeevogels. Voor risicobeoordeling van HBCD moet in acht genomen worden dat, hoewel
het commerciéle product voornamelijk y-HBCD bevat, er in biotische monsters meestal
o-HBCD wordt aangetroffen.

Zowel in mensen als wilde dieren worden voornamelijk de PBDE congeneren BDE-28,
BDE-47, BDE-99, BDE-100, BDE-153 and BDE-183 aangetroffen, alsook (hoewel in lagere
concentraties) BDE-209. Meestal is BDE-47 de meest voorkomende congener in biotische
monsters. PBDEs zijn aangetroffen in lever, bloed, moedermelk en vetweefsel van dieren en
mensen, soms met hoge concentraties. De concentratie PBDEs in dieren en mensen is in de
afgelopen decennia exponentieel toegenomen (met een factor 2 in een periode van ongeveer
5 jaar). In Europa naderen humane niveaus een stabiele situatie. Echter, in Noord-Amerika
zijn de humane niveaus niet alleen 1 tot 2 ordegroottes hoger vergeleken met Europa of
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Japan, maar misschien zelfs nog stijgend. Een beperkt aantal studies wijst erop dat humane
niveaus van HBCD lager zijn in Noord-Amerika dan die in Europa. Hogere PBDE
blootstellingniveaus zijn gevonden in mensen die werken met computers, in elektronica
recycling en verbrandingsovens, en hogere HBCD blootstelling in werknemers in de productie
van polystyreen.

Naast PBDE congeneren, zijn ook gehydroxyleerde en gemethoxyleerde PBDEs (OH- en
MeO-PBDEs) gevonden in zee- en zoetwatervissen, zeevogels, dolfijnen, zeehonden en
ijsberen. De vorming van deze metabolieten in vivo is bevestigd in toxicokinetische studies
met muizen en ratten, en in microsomen van de rattenlever. Heel recent is ook de vorming
van OH-PBDEs aangetoond in primair gekweekte humane levercellen. Toxicokinetische
studies met vissen lieten zien dat weinig OH-PBDEs worden gevormd, maar vooral
gedebromeerde metabolieten. OH- en MeO-PBDEs zijn ook natuurlijke producten welke zijn
gevonden in algen, cyanobacterien en sponzen. In 2002 werden OH-PBDEs voor het eerst
gedetecteerd in humaan serum (bloed zonder bloedcellen en stollingseiwitten). De vermoede
bioaccumulatie van OH-PBDEs in de mens werd recent bevestigd. Verschillende OH-PBDEs
werden gevonden in kinderen wonend en werkzaam op een vuilnisbelt in Nicaragua. Ook zijn
OH-PBDEs gevonden in serum van Amerikaanse moeders en in navelstrengbloed.

Meerdere studies hebben aangetoond dat jonge kinderen aan hogere concentraties
PBDEs worden blootgesteld dan volwassenen. Waarschijnlijk wordt dit veroorzaakt door
frequent hand-mond contact en spelen op de grond. Daardoor krijgen kinderen grotere
hoeveelheden met huisstof binnen, inclusief daaraan gebonden PBDEs. Een andere bron voor
PBDE én HBCD blootstelling is moedermelk, waarin voornamelijk lager gebromeerde PBDEs
worden aangetroffen. Voor de geboorte vindt ook blootstelling plaats, doordat de placenta
PBDEs en HBCD uit het bloed van de moeder doorlaat naar de foetus.

Toxiciteit van PBDEs en HBCD. Voor zowel PBDEs als HBCD zijn acute toxische effecten
beperkt. Matige acute toxiciteit van PBDEs is aangetoond bij hoge blootstelling, voornamelijk
in de lever en schildklier.

HBCD verandert genexpressie en enzymactiviteit in de lever. Aangetoonde aryl
hydrocarbon receptor afhankelijke effecten van commerciéle PBDE producten worden
waarschijnlijk voornamelijk veroorzaakt door de aanwezigheid van kleine hoeveelheden
gebromeerde dioxinen en furanen. Endocriene effecten van PBDEs, OH-PBDEs en HBCD zijn
aangetoond in  verschillende diersoorten, voornamelijk verstoring van het
schildklierhormoonsysteem, dat ook een belangrijke rol speelt in de ontwikkeling van de
hersenen. Endocriene studies hebben laten zien dat OH-PBDEs sterkere hormonale effecten
veroorzaken dan PBDEs.

Vanaf 2001 werden nadelige effecten beschreven op spontaan gedrag en habituatie
(gewenning aan een nieuwe omgeving) van muizen na een éénmalige postnatale (op dag 10
na de geboorte) orale dosis van PBDEs. De dosis-afhankelijke veranderingen konden zelfs
enkele maanden na de blootstelling nog worden onderscheiden. Vergelijkbare langdurige
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effecten zijn waargenomen na een éénmalige blootstelling op 10 dagen na de geboorte aan
BDE-47, BDE-99, BDE-153, BDE-183, BDE-203, BDE-206, BDE-209 of HBCD. Door muizen bloot
te stellen op verschillende tijdstippen na de geboorte bleek dat de postnatale
hersenontwikkeling tijdens de eerste twee weken na de geboorte het meest gevoelig was
voor effecten van PBDEs. Meerdere onderzoeksgroepen vonden vergelijkbare resultaten met
verschillende blootstellingregimes en testsystemen. Uit deze studies kan worden
geconcludeerd dat PBDEs leren en gedrag in knaagdieren verstoren, mits de blootstelling
optreedt tijdens de vroege (postnatale) hersenontwikkeling.

Aanvullende studies wijzen erop dat zowel veranderingen in het cholinerge
neurotransmitter systeem alsook verstoring van het schildklierhormoonsysteem een rol
kunnen spelen in de effecten van PBDEs op leren en geheugen. Voor HBCD zijn aanwijzingen
dat effecten op het dopaminerge neurotransmittersysteem een rol spelen. Ook zijn na
blootstelling aan PBDEs in verschillende studies veranderingen waargenomen in eiwitniveaus,
voornamelijk in de hippocampus, welke een belangrijke rol spelen in de postnatale
ontwikkeling van de hersenen.

In in vitro neurotoxiciteitstudies zijn vooral effecten van PBDEs en HBCD op celgroei,
celdood en oxidatieve stress in neurale cellen, neurotransmitter homeostase, intracellulaire
signaaltransductie en ionkanalen waargenomen. Deze acute effecten, of combinaties ervan,
spelen waarschijnlijk een rol in de effecten van PBDEs op leren en geheugen. Wel moet in
acht worden genomen dat de concentraties van PBDEs en HBCD die neurotoxiciteit in vitro
veroorzaken meestal niet relevant zijn voor de humane blootstellingsituatie.

Inhoud van dit proefschrift. Het bovengenoemd onderzoek wijst duidelijk op de
neurotoxiciteit van PBDEs en HBCD. Oorzakelijke verbanden tussen de waargenomen in vivo
en in vitro effecten zijn echter nog niet volledig duidelijk. Daarom was de doelstelling van dit
PhD-project om inzicht te krijgen in de mechanismen welke betrokken zijn bij de effecten op
leren en gedrag na blootstelling aan PBDEs en HBCD tijdens de hersenenontwikkeling.

In het onderzoek naar mogelijke effecten op synaptische plasticiteit is een vorm van
synaptische plasticiteit in de hippocampus, NMDA-afhankelijke long-term potentiation (LTP)
gebruikt als een neurofysiologisch model voor leren en geheugen. Synaptische plasticiteit is
het vermogen om de efficiéntie van signaaloverdracht tussen twee zenuwcellen aan te passen
afhankelijk van activiteit en stimuli. Dit proces is essentieel voor informatieopslag in de
hersenen. Er is gekozen om dit proces in de hippocampus te onderzoeken, omdat dit
hersengebied betrokken is bij leren en het geheugen. Een korte-termijn vorm van synaptische
plasticiteit, paired-pulse facilitatie (PPF) is gebruikt om mogelijke effecten op presynaptische
processen te detecteren.

Het voornaamste deel van dit proefschrift is gewijd aan acute presynaptische
effecten van BFRs. Informatieoverdracht tussen twee zenuwcellen (neurotransmissie) vindt
plaats in de synaps, de ruimte tussen de verzendende (presynaptische) en de ontvangende
(postsynaptische) zenuwcel. De nadruk ligt in dit onderzoek op de presynaptische processen

184



Nederlandse samenvatting

betrokken bij de signaaloverdracht. Het voornaamste presynaptische proces is het afgeven
van neurotransmitters, de chemische signaalstof, in de synaps. Neurotransmitter afgifte vindt
voornamelijk plaats doordat met neurotransmitter gevulde blaasjes (vesicles) versmelten met
de presynaptische celmembraan. Neurotransmitter afgifte wordt voornamelijk gereguleerd
door de intracellulaire calcium concentratie ([Ca2+]i).

Aangezien neurotransmissie sterk afhangt van de strikte regulatie van Ca’*-homeostase
en neurotransmitter afgifte, zijn de acute effecten van PBDEs en HBCD op [Ca”]; en de
daarmee samenhangende vesiculaire neurotransmitter afgifte gemeten in rat
pheochromocytoma (PC12) cellen, een neuroendocrien in vitro model. Effecten van PBDEs op
[ca™): zijn ook onderzocht in neurospheres van humane neuronale progenitor cellen, een
heterogeen in vitro model voor hersenontwikkeling.

Intracellulair Ca** is betrokken bij verschillende cellulaire en subcellulaire processen. In
neurale cellen speelt Ca’ ook een belangrijke rol als signaal voor vesiculaire neurotransmitter
afgifte. De trigger voor neurotransmissie is de depolarisatie van de presynaptische
celmembraan, bijvoorbeeld door een actiepotentiaal. Deze depolarisatie van de celmembraan
veroorzaakt de opening van spanningsafhankelijke Ca”*-kanalen (voltage-gated ca** channels;
VGCCs), waardoor de [Ca”*]; snel toeneemt door influx van Ca>* door deze kanalen. [Ca®']; is in
dit onderzoek gemeten met de Ca2+—afhankelijke fluorescente kleurstof Fura-2. Onderliggende
mechanismen van toenames in [Ca2+]i werden onderzocht in experimenten onder
extracellulair Ca®*-vrije condities, en door het leegmaken van intracellulaire compartimenten
waarin Ca>* wordt opgeslagen (endoplasmatisch reticulum, ER en mitochondria) voorafgaand
aan de blootstelling aan BFRs.

Basale en depolarisatie-geinduceerde vesiculaire afgifte van catecholamine
neurotransmitters door primaire chromaffiene cellen en dexamethason-gedifferentieerde
PC12 cellen werd gemeten door middel van amperometrie met een koolstofvezel micro-
elektrode.

Neonatale blootstelling aan gebromeerde vilamvertrager BDE-47 vermindert LTP en
postsynaptische eiwitniveaus in de hippocampus van de muis. Als eerste is onderzocht of
een afname van synaptische plasticiteit in de hippocampus een mogelijke oorzaak zou kunnen
zijn voor de effecten op leren en gedrag in muizen na neonatale blootstelling aan BDE-47
(hoofdstuk 3). Muizen werden aan dezelfde hoeveelheid en op dezelfde manier blootgesteld
aan BDE-47 (op dag 10 na de geboorte) als in de gedragsstudies. Op dag 7 - 9 na de geboorte
werd LTP door middel van veldpotentialen gemeten. Veldpotentialen zijn neuronale signalen
die extracellulair in hersenweefsel worden gemeten, en dus een gemiddeld signaal van vele
omliggende zenuwcellen. De hippocampus werd opgesneden in verschillende plakjes (slices)
met daarin de te bemeten structuren om verschillende metingen mogelijk te maken. Na
blootstelling aan BDE-47 bleek LTP te zijn verminderd.

Mogelijke presynaptische effecten, welke een rol zouden kunnen spelen in de afname
van LTP, werden onderzocht door middel van paired-pulse facilitatie (PPF), en meting van
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basale en depolarisatie-geinduceerde vesiculaire afgifte van catecholamine neurotransmitters
door neuroendocriene (chromaffiene) cellen uit muizen welke werden blootgesteld aan
BDE-47. Beide parameters bleken niet veranderd te zijn. Tijdelijke veranderingen van neurale
activiteit tijdens kritieke periodes in hersenenontwikkeling zouden aan de waargenomen
effecten op gedrag en synaptische plasticiteit ten grondslag kunnen liggen. Daarom werden
ook acute presynaptische effecten van BDE-47 op [Ca®™]; en neurotransmitter afgifte
onderzocht. Alleen bij blootstelling aan een hoge concentratie (20 uM) BDE-47 werden milde
toenames van zowel [Ca2+]i als neurotransmitter afgifte waargenomen.

Ook werd de hoeveelheid van een aantal aan LTP gerelateerde eiwitten gemeten in de
hippocampus door middel van Western blotting: postsynaptische eiwitten PSD-95 en SAP97,
(on-)gefosforyleerd aCaMKIl, AMPA receptor subunit GIuR1 en NMDA receptor subunits NR1,
NR2A and NR2B. Alleen in de postsynaptische fractie van hippocampi werd een afname
waargenomen van glutamaat receptor subunits NR2B, GluR1 en gefosforyleerd aCaMKII. De
afname in synaptische plasticiteit lijkt dus gerelateerd te zijn aan veranderingen in (relatieve)
hoeveelheden van postsynaptische eiwitten.

Hoewel er soms erg hoge concentraties van BDE-47 worden gemeten in menselijke
weefsels, is het onwaarschijnlijk dat een vergelijkbare concentratie als in deze dierstudie
wordt bereikt in de mens. De resultaten van deze studie lieten wél voor het eerst zien dat
neonatale blootstelling aan een veel voorkomende PBDE onmiskenbaar een afname van
synaptische plasticiteit veroorzaakt. Daarom steunen deze resultaten sterk de eerder
waargenomen effecten van BDE-47 op leren en gedrag.

Hydroxylatie vergroot de effecten van BDE-47 op calcium homeostase en vesiculaire
neurotransmitter afgifte in PC12 cellen. Om te onderzoeken of gehydroxyleerde
metabolieten een rol spelen in neurotoxiciteit van PBDEs, werden de acute presynaptische
effecten van BDE-47 in PC12 cellen vergeleken met die van gehydroxyleerde metaboliet 6-OH-
BDE-47 (hoofdstuk 4).

Terwijl bij blootstelling aan de laagste-effect concentratie 20 pM BDE-47 zowel [Ca”"];
als vesiculaire neurotransmitter afgifte subtiel toenamen, veroorzaakte 6-OH-BDE-47 al bij
1 uM een transiente (voorbijgaande) toename in [Ca2+]i, samengaand met een toename in
vesiculaire neurotransmitter afgifte. Bij hogere concentraties 6-OH-BDE-47 werd een
additionele toename in [Ca“]i waargenomen. De transiente toename in [Ca2+]i werd
veroorzaakt door het vrijkomen van Ca** uit het endoplasmatisch reticulum (ER) en door
influx van extracellulair Ca2+, terwijl de additionele toename in [Ca2+]i werd veroorzaakt door
het vrijkomen van Ca”* uit de mitochondria.

Deze resultaten laten zien dat gehydroxyleerde metaboliet 6-OH-BDE-47 grotere
effecten heeft op [Ca™: bij lagere concentraties dan BDE-47. Bioactivatie door oxidatief
metabolisme zou dus bij kunnen dragen aan de neurotoxiciteit van PBDEs. Aangezien ortho-
PCBs ook Ca”" vrij kunnen maken uit intracellulaire compartimenten, kan additiviteit tussen
deze twee groepen stoffen niet worden uitgesloten.
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Het bromeringspatroon van gehydroxyleerde metabolieten van BDE-47 beinviloedt hun
potentie om calcium vrij te maken uit intracellulaire compartimenten in PC12 cellen. Om te
onderzoeken of de waargenomen hogere activiteit van OH-PBDEs door hun moleculaire
structuur zou kunnen worden voorspeld, werden de effecten op [Ca®]; onderzocht voor een
reeks mono-gehydroxyleerde metabolieten van BDE-47 met variaties in hydroxylatie- en
bromeringspatroon (hoofdstuk 5).

In tegenstelling tot BDE-47 en gemethoxyleerde BDE-47, veroorzaakten alle
onderzochte OH-PBDEs het vrijkomen van Ca’* uit intracellulaire compartimenten. De
voornaamste bronnen waren ofwel ER (5-OH-BDE-47 en 6’-OH-BDE-49), of zowel ER alsook
mitochondria (6-OH-BDE-47, 3-OH-BDE-47 en 4’-OH-BDE-49). Bij nader onderzoek werd voor
6-OH-BDE-47, 4’-OH-BDE-49 en BDE-47, bij nog lagere concentraties een toename van
subtiele fluctuaties in [Ca™"]; waargenomen. Presynaptische effecten zouden dus een rol
kunnen spelen in de waargenomen functionele effecten op synaptische plasticiteit.

Deze resultaten laten zien dat alle onderzochte gehydroxyleerde metabolieten [Ca”™*];
verstoren door het vrijmaken van Ca’* uit intracellulaire compartimenten. Afscherming van de
OH-groep aan twee kanten door broomatomen ofwel een aromatische ring vermindert de
effecten van OH-PBDEs op [Ca’*],, terwijl de positie van de OH-groep van minder belang lijkt
te zijn.

Aan calcium gerelateerde processen spelen een rol in de inhibitie van depolarisatie-
geinduceerde toename in calcium in PC12 cellen door gehydroxyleerde metabolieten van
PBDEs. VGCCs spelen een belangrijke rol in de handhaving van de Ca’*-homeostase en
neurotransmissie. Daarom zijn, naast de effecten op basaal [Ca®]; door het vrijmaken van ca”™
uit intracellulaire compartimenten, ook de effecten van een aantal PBDEs en OH-PBDEs op
depolarisatie-geinduceerde toename in [Ca’*]; onderzocht in PC12 cellen (hoofdstuk 6).

PBDEs (BDE-49, BDE-99, BDE-100 and BDE-153) en gemethoxyleerd BDE-47 hadden
geen effecten op basaal of depolarisatie-geinduceerde toename in [Ca’*]. BDE-47
veroorzaakte een toename in subtiele fluctuaties in basaal [Ca’] en verhoging van
depolarisatie-geinduceerde [Ca®]. OH-PBDEs verlaagden de depolarisatie-geinduceerde
toename in [Ca2+]i dosis-afhankelijk. Deze inhibitie was sterker als er een toename in basaal
[Ca®*]; aan vooraf was gegaan. Vooral bij hogere concentraties van OH-PBDEs (5 - 20 uM),
gingen hoge toenames in basaal [Ca’']; samen met een sterke inhibitie van depolarisatie-
geinduceerde [Ca®].. Deze inhibitie bleek meer gevoelig te zijn voor voorgaande toenames in
basaal [Caz+]i door het vrijmaken van Ca”" uit intracellulaire compartimenten (door 3-OH-
BDE-47 en 6’-OH-BDE-49) dan door influx van extracellulair Ca** (door 6-OH-BDE-47 en 5-OH-
BDE-47). Het verwachte verschil in [Ca2+]i in de directe nabijheid van de celmembraan
suggereert dat Ca’*-afhankelijke processen in de buurt van de VGCCs hier een regulerende rol
in spelen. Zonder voorafgaande blootstelling aan OH-PBDEs (en dus zonder voorafgaande
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verhoging van [Ca2+]i) werd voor een aantal OH-PBDEs ook matige directe inhibitie van de
depolarisatie-geinduceerde toename in [Ca’*]; waargenomen.

Deze resultaten laten zien dat OH-PBDEs ook de depolarisatie-geinduceerde
toename in [Ca“]i inhiberen, wat versterkt wordt door voorafgaande toenames in basaal
[Ca2+]i. Het zou kunnen dat verwante milieucontaminanten die ook de Ca**-homeostase
verstoren, zoals PCBs, ook de depolarisatie-geinduceerde toename in [Ca2+]i inhiberen. Verder
onderzoek naar mogelijke mengseltoxiciteit van milieucontaminanten is daarom
gerechtvaardigd.

BDE-47 en 6-OH-BDE-47 moduleren calcium homeostase in primaire humane neurale
progenitor cellen. In een in vitro model voor de ontwikkeling van de hersenen zijn eerder
effecten van PCBs en PBDEs op migratie en differentiatie van humane neurale progenitor
cellen (hNPCs) gevonden. Om te onderzoeken of (transiente) effecten op basaal [Ca®']; een rol
zouden kunnen spelen in deze processen, zijn de acute effecten van BDE-47 en zijn
gehydroxyleerde metaboliet 6-OH-BDE-47 op [Ca”']; onderzocht in deze cellen (hoofdstuk 7).

Blootstelling van de hNPCs aan BDE-47 (> 2 uM) of 6-OH-BDE-47 (> 0.2 uM)
veroorzaakte toenames in [Ca2+]i. BDE-47 veroorzaakte een toename van de influx van
extracellulair Ca”*. 6-OH-BDE-47 veroorzaakte een snelle persistente toename door vrijmaking
van Ca”" uit mitochondria, gecombineerd met een transiente toename veroorzaakt door
vrijmaking van Ca’* uit ER en een trage toename in [Ca”"]; door influx van extracellulair Ca*".
Zoals eerder waargenomen in PC12 cellen, verstoort 6-OH-BDE-47 ook in hNPCs de
Ca’*-homeostase sterker en bij lagere concentraties dan BDE-47. De laagste effectieve
concentraties voor toename van [Ca2+]i liggen echter een ordegrootte lager dan in de PC12
cellen. Het is nog onduidelijk of dit verschil toe te schrijven is aan interspecies verschillen, of
het verschil in celtypes.

HBCD vermindert depolarisatie-geinduceerde toename van [Ca’’]; en neurotransmitter
afgifte van PC12 cellen. Aangezien andere BFRs de Ca’*-homeostase verstoren, zijn mogelijke
effecten van het commerciéle HBCD product en HBCD stereoisomeren op [Caz+]i onderzocht
in PC12 cellen (hoofdstuk 8). Blootstelling van PC12 cellen aan HBCD of aan de individuele
stereoisomeren had geen effect op basaal [Ca2+]i of basale vesiculaire neurotransmitter
afgifte. De depolarisatie-geinduceerde toename van [Ca’*]; verminderde dosis-afhankelijk na
voorafgaande blootstelling aan HBCD. Voor dit effect moest er minstens 5 min blootstelling
hebben plaatsgevonden voor de depolarisatie, terwijl de maximale inhibitie optrad na 20 min
blootstelling. De effecten van a- en B-HBCD waren vergelijkbaar met dat van het technische
mengsel, terwijl het inhiberende effect van y-HBCD groter was. Met behulp van specifieke
blockers van L-, N- of P/Q-type VGCCs kon worden aangetoond dat het inhiberende effect van
HBCD niet specifiek is voor een subtype VGCC. Ook was er een sterke afname te zien in het
aantal cellen waarin vesiculaire neurotransmitter afgifte kon worden getriggerd met
depolarisatie.
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Deze resultaten laten zien dat HBCD de depolarisatie-geinduceerde toename in
[Ca2+]i en neurotransmitter afgifte remt. Aangezien concentraties van HBCD in mens en milieu
toe zouden kunnen nemen, rechtvaardigen deze bevindingen extra inspanning voor adequate
risicobeoordeling van HBCD.

Risicobeoordeling. Om uitspraken te kunnen doen over mogelijke risico’s voor de mens, zijn
de laagste effect-concentraties (uit dit onderzoek) omgerekend naar de bijbehorende serum
concentraties met behulp van gemiddelde fysiologische parameters van bloed en
bloedsamenstelling. Deze laagste effect-concentraties werden vergeleken met humane
blootstelling. Om in te kunnen schatten of er wel of niet een risico voor de mens is, is in dit
onderzoek alleen gebruik gemaakt van de traditionele veiligheidsfactoren voor inter- en
intraspecies variatie (10x10). Concentraties in de mens moeten dus minstens 100 keer lager
zijn dan de laagste-effect concentraties om als veilig te worden beschouwd.

Voor de schatting van bloed- en orgaan concentraties van BDE-47 in neonatale muizen
werd gebruik gemaakt van de resultaten van een toxicokinetische studie. Vergelijking met
waardes van humane blootstelling wijst erop dat het risico voor verstoring van [Ca’]; in
neurale en endocriene cellen door blootstelling aan BDE-47 laag is in de algemene populatie.
Echter, in individuele gevallen van beroepsmatige blootstelling worden serum concentraties
van BDE-47 gevonden welke de ingeschatte laagste veilige concentratie benaderen.

De aanwezigheid van OH-PBDEs in humaan serum, met vergelijkbare of zelfs hogere
concentraties dan van PBDEs, is in een beperkt aantal studies aangetoond. Zelfs de hoogste
gemeten concentratie van 6-OH-BDE-47 is een ordegrootte lager dan de ingeschatte veilige
concentratie. In dit onderzoek is ook aangetoond dat, naast 6-OH-BDE-47, andere
gehydroxyleerde metabolieten van BDE-47 de Ca’*-homeostase verstoren. Deze bevinding
suggereert dat de meeste gehydroxyleerde metabolieten van lager gebromeerde PBDEs de
Ca**-homeostase beinvioeden. Het verschil tussen de hoogst gemeten IOH-PBDE (alle
gemeten OH-PBDEs samen) concentratie in humaan serum en de laagste-effect concentratie
van een OH-PBDE (in vitro) is onvoldoende om als veilig te kunnen worden beschouwd. De
hier aangenomen additiviteit van OH-PBDEs, dus het kunnen optellen van
blootstellingconcentraties, is echter nog niet experimenteel aangetoond. Ook zijn mogelijke
verschillen in potentie tussen verschillende OH-PBDEs niet in acht genomen. Mogelijk ligt de
laagste-effect concentratie in de realiteit hoger voor mengsels van OH-PBDEs dan vergeleken
met de meest potente OH-PBDEs. Het verschil tussen de hoogste of mediaan humane serum
concentratie van OH-PBDEs en de hoogste laagste-effect concentratie uit dit onderzoek kan
als veilig beschouwd worden. Omdat de interacties tussen OH-PBDEs nog onduidelijk zijn,
moet de standaardbenadering voor risicobeoordeling voor blootstelling aan OH-PBDEs
additiviteit zijn.

Humane serum niveaus van HBCD, zowel in de algemene humane populatie als bij
beroepsmatige blootstelling, liggen lager dan de geschatte veilige concentratie, en kunnen
dus als veilig worden beschouwd. Inhibitie van de depolarisatie-geinduceerde toename in
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[Ca2+]i en vesiculaire neurotransmitter afgifte door HBCD blootstelling wordt dus niet
verwacht in de humane situatie. Deze conclusie moet echter worden getrokken uit een
beperkt aantal blootstellingstudies, waardoor voorzichtigheid op zijn plaats is.

Inhibitie van depolarisatie-geinduceerde toename in [Ca2+]i is in dit onderzoek
waargenomen voor zowel HBCD als OH-PBDEs, maar niet voor PBDEs. De laagste-effect
concentraties zijn gelijk voor HBCD en 6-OH-BDE-47 in PC12 cellen (2 pM), terwijl de andere
onderzochte OH-PBDEs pas inhiberen vanaf 5 uM. Bij 2 uM veroorzaken HBCD en 6-OH-
BDE-47 een vergelijkbare mate van inhibitie. Bij 20 uM inhiberen de OH-PBDEs de
depolarisatie-geinduceerde toename in [Ca”*]; bijna volledig, terwijl HBCD ongeveer naar 50%
inhibeert. Ook wordt de inhibitie van de depolarisatie-geinduceerde toename in [Ca2+]i door
OH-PBDEs minstens gedeeltelijk veroorzaakt of versterkt door voorafgaande verhoging van
basaal [Ca™"], terwijl dit niet het geval is voor HBCD. De potentie om de balans tussen basaal
en depolarisatie-geinduceerde toename in [Ca®); te verstoren is dus groter voor OH-PBDEs
dan voor HBCD. Er kan echter wel worden verwacht dat blootstelling aan (OH-)PBDEs en
HBCD samengaat, mogelijk resulterend in additiviteit wat betreft de inhibitie van
depolarisatie-geinduceerde toename in [Ca2+]i.

Wanneer concentraties van BFRs in humaan serum worden vergeleken met effectieve
concentraties uit de in vitro studies welke in dit proefschrift zijn beschreven, blijkt er weinig
tot geen risico te zijn wat betreft de acute presynaptische effecten welke mogelijk een rol
spelen in de afname van synaptische plasticiteit. Een aantal aspecten moet echter in acht
worden genomen voor een goede risicobeoordeling, vooral voor neurotoxische effecten in de
zich ontwikkelende hersenen.

Ten eerste zijn de ontwikkelende hersenen gevoeliger dan de volwassen hersenen voor
externe stimuli, inclusief chemicalién. Deze hogere gevoeligheid wordt veroorzaakt door de
veelvoud van ontwikkelingsprocessen, zoals proliferatie, differentiatie, migratie en vorming
van neurale netwerken. Door de strikte temporele regulatie bestaan er periodes tijdens de
hersenontwikkeling welke bijzonder gevoelig zijn voor neurotoxiciteit. Om duidelijk te krijgen
welke ontwikkelingsfases van humane hersenontwikkeling het meest gevoelig zijn voor
neurotoxische stoffen is meer kennis nodig van de hersenontwikkeling en in het bijzonder van
de gevolgen van een verstoring daarvan voor gedrag en cognitieve functie.

Ten tweede is het onduidelijk of de serum concentratie een goede parameter is voor
het beoordelen van risico’s van chemische blootstelling voor het zenuwstelsel. De hersenen
worden namelijk beschermd tegen ongewenste chemicalién door de bloed-hersen barriére.
Lipofiele stoffen met laag molecuulgewicht gaan waarschijnlijk vrijelijk over deze barriere
door passieve diffusie. Of dit ook het geval is voor de lipofiele PBDEs, welke een hoog
molecuulgewicht hebben, is nog onduidelijk. PBDEs zijn nochtans aangetroffen in de
hersenen van verschillende diersoorten, en partitie in de (foetale) hersenen is ook
waargenomen in toxicokinetische studies. Het is dus waarschijnlijk dat deze BFRs ook de
humane hersenen kunnen bereiken, mogelijk met uitzondering van de meest lipofiele,
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hoogmoleculaire BFRs zoals BDE-209. OH-PBDEs zijn slechts zeer zelden gevonden in
hersenweefsel van dieren uit het wild of in toxicokinetische experimenten. Hoge
concentraties van OH-PBDEs worden dus niet verwacht in de humane hersenen. Niettemin
worden endocriene cellen zoals chromaffiene cellen en cellen in de schildklier niet beschermd
door de bloed-hersen barriere tegen PBDEs en verwante milieucontaminanten aanwezig in
serum. Ook is specifieke accumulatie van OH-PBDEs in de foetale hersenen via binding aan
transporteiwitten van het schildklierhormoon gesuggereerd, hoewel dit nog niet
experimenteel is aangetoond.

Ten derde is het belangrijk om effecten van mengsels van (verschillende congeneren
van) PBDEs, broomfenolen, gechloreerde bifenylen (polychlorinated biphenyls; PCBs), hun
gehydroxyleerde metabolieten en HBCD in acht te nemen bij risicobeoordeling voor
neurotoxiciteit in mensen, aangezien al deze stoffen de Ca’*-homeostase verstoren.
Verstoring van de balans van basaal en depolarisatie-geinduceerde [Ca”™]; kan niet alleen
neurotransmissie, maar ook veel andere cellulaire processen verstoren. Naast verstoring van
de Ca2+-homeostase, heeft een aantal van deze verwante milieucontaminanten ook een
aantal andere neurotoxische effecten gemeen: verschillende vormen van verstoring van
gedrag, afgenomen LTP, inhibitie van neurotransmitter heropname en cytotoxiciteit in
neurale celtypes. Ook verstoren zowel PBDEs als PCBs en hun gehydroxyleerde metabolieten
het schildklierhormoonsysteem.

In acht nemend dat ontwikkelende hersenen gevoeliger zijn voor externe stimuli, is het
zorgwekkend dat de blootstelling van jonge kinderen over het algemeen hoger is dat die van
volwassenen. PBDEs zijn aangetroffen in navelstrengbloed en foetale lever. Hoewel
overdracht van OH-PBDEs via de navelstreng nog niet is bewezen, is het niet onwaarschijnlijk,
vanwege de structurele gelijkenis met OH-PCBs. Blootstelling aan PBDEs door lactatie is,
kwantitatief beschouwd, een belangrijke blootstellingsroute in mensen. Concentraties van
PBDEs in moedermelk zijn (net als serum concentraties) afhankelijk van gebruikspatronen,
dus hoger in Noord-Amerika dan in Europa, waar de niveaus ook stabiliseren. Recent zijn ook
OH-PBDEs in moedermelk aangetroffen, samen met PBDE concentraties die vergelijkbaar zijn
met achtergrondconcentraties in Europa en Azié. Ook HBCD is aangetroffen in moedermelk.
Een negatief advies ten opzichte van het geven van borstvoeding is altijd als ongepast
beschouwd vanwege de onbetwiste voordelen wat betreft hygiéne, voedingswaarde,
immunologische effecten en psychosociale ontwikkeling. Niettemin ontbreekt enige risico-
voordeel analyse met betrekking tot borstvoeding en de daarmee verbonden blootstelling
aan milieucontaminanten zoals PBDEs en PCBs. In het bijzonder in de hoogst blootgestelde
gemeenschappen is kennis van melkconcentraties van neurotoxische milieucontaminanten
essentieel om de urgentie te beoordelen van preventieve maatregelen om neurotoxiciteit
tijdens de ontwikkeling van de hersenen te voorkomen.
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Het onderliggende mechanisme voor de neurotoxiciteit van BFRs, met name na
blootstelling tijdens de ontwikkeling van het zenuwstelsel, is nog niet opgelost. Niettemin is
het duidelijk dat zowel acute cellulaire neurotoxische effecten als verstoring van het
schildklierhormoonsysteem betrokken zijn in de neurotoxiciteit van PBDEs en HBCD.

PBDEs en HBCD zijn praktisch alom aanwezig in het milieu. Humane blootstelling vindt
voornamelijk plaats via voedsel en het inademen/inslikken van huisstof. Blootstelling kan dus
worden verminderd door het binnenmilieu stofvrij te houden. Dit is in het bijzonder van
belang voor ruimtes waar kinderen verblijven, in verband met hun hogere blootstelling via
huisstof. Een alternatieve mogelijkheid om de humane blootstelling aan PBDEs te
verminderen is om brandveiligheidseisen ten opzichte van chemische vlamvertragers te
verlagen. Het is echter aannemelijk dat minder mensen zijn omgekomen in branden sinds de
invoering van chemische vlamvertragers. Een causaal verband is echter nog nooit
aangetoond. Voor humane risicobeoordeling van BFRs zou een goede kosten-baten analyse
duidelijkheid scheppen. Dit is vooral belangrijk voor Groot-Brittannié en de Verenigde Staten,
waar de brandveiligheidseisen betreffende hoeveelheden van BFRs relatief hoog zijn.

De risicobeoordeling van PCBs was ten tijde van hun introductie duidelijk
ontoereikend. Helaas kunnen nu overeenkomsten met PBDEs worden onderscheiden. Met
regulatieve risicobeoordeling kwam men tot de conclusie dat commerciéle PBDE mengsels
een veilig alternatief voor PCBs zouden zijn. Tijdens het afgelopen decennium is het gebruik
van PBDEs als vlamvertragers sterk aan banden gelegd binnen de EU.

Vanwege zorgen over mogelijke effecten op de gezondheid heeft de betrokken
chemische industrie de productie van PentaBDE en OctaBDE ook voor de Noord-Amerikaanse
markt gestaakt. Aangezien producten zullen moeten blijven voldoen aan
brandveiligheidseisen, is er een kans dat alternatieve, minder uitgebreid bestudeerde
vlamvertragers gebruikt zullen worden. Een aantal ‘nieuwe’ vlamvertragers zijn zelfs al
gedetecteerd in het milieu en wilde dieren. De neurotoxische effecten van PBDEs zijn een
reden tot zorg voor subklinische neurotoxische effecten in sommige bevolkingsgroepen.
Ondanks de vermindering van het gebruik van PBDEs door vrijwillige maatregelen en
wetgeving, worden mensen nog steeds, en waarschijnlijk nog vele jaren, blootgesteld aan de
moeilijk afbreekbare PBDEs en hun metabolieten. Dit geeft aan dat risicobeoordeling voor
negatieve effecten op de gezondheid door nieuw ontwikkelde chemische stoffen, zoals
alternatieve vlamvertragers, voor verbetering vatbaar is.
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Conclusies.

De effecten van PBDEs op leren en gedrag worden weerspiegeld in een afname van
synaptische plasticiteit, mogelijk veroorzaakt door de waargenomen afname van aan
LTP gerelateerde postsynaptische eiwitten.

Gehydroxyleerde metabolieten van BDE-47 (OH-PBDEs) verhogen de basale [Ca2+]i en
verlagen de depolarisatie-geinduceerde toename in [Ca™]; veel sterker dan BDE-47
zelf, waardoor er mogelijk een disbalans ontstaat in neurale communicatie.
Verstoring van de Ca’*-homeostase door OH-PBDEs is afhankelijk van de afscherming
van de OH-groep door omliggende atoomgroepen.

Zowel BDE-47 als 6-OH-BDE-47 verhogen de basale [Caz+]i in humane neurale
progenitor cellen sterker dan in PC12 cellen.

HBCD, een mogelijke vervanging voor PBDEs, verlaagt de depolarisatie-geinduceerde
toename in [Ca”']; en vesiculaire neurotransmitter afgifte, terwijl geen effecten zijn
waargenomen op basaal [Ca**]; of vesiculaire neurotransmitter afgifte.

Concentraties van PBDEs en metabolieten in humaan (navelstreng)bloed zijn lager
dan concentraties waar neurotoxische effecten worden verwacht. Door het huidige
gebrek aan kennis over hersenconcentraties, hersenontwikkeling en mengsel-
toxiciteit is deze blootstelling toch een reden tot zorg voor de ontwikkelende
hersenen.

Aanbevelingen.

Risicobeoordeling van PBDEs, hun metabolieten en gerelateerde milieucontaminanten kan
sterk worden verbeterd met meer kennis over:

1.

2.
3.
4

oxidatief metabolisme resulterend in bioactivatie.

gevoeligheid voor neurotoxiciteit van processen tijdens de hersenontwikkeling.
concentraties van PBDEs en metabolieten in hersenweefsel.

interacties tussen verschillende milieucontaminanten bij gelijktijdige blootstelling.
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