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Abstract

Many toxic substances have been distributed to the envi-
ronment, some of which have properties that promote
accumulation and biomagnification in living organisms.
Approximately 1.2 million metric tons of polychlorinated
biphenyls (PCBs) have been produced and about 30% have
been discharged to the environment. Approximately 200 000
metric tons of brominated flame retardants (BFRs) are pro-
duced annually, of which considerable amounts have been
spread globally, even to the Polar Regions. Behavioral test-
ing of animals has shown that these compounds may affect
learning, memory and fine motor functions. Animals are most
sensitive during early development. Several epidemiological
studies have shown that PCBs and BFRs may be responsible
for similar effects in humans. Of especially concern are
possible effects of PCBs and BFRs in mixtures containing the
highly neurotoxic methyl mercury. The compounds affect
several targets in the nervous system that seem to be
interconnected, and may be responsible for the observed

Use of industrial chemical products has led to release of a
range of substances which are potentially toxic to the
environment. Several of these substances are resistant to
degradation and may accumulate in living organisms to
harmful concentrations. Most attention has been paid to
halogenated organic compounds, such as polychlorinated
biphenyl (PCBs), dioxins, and chlorinated pesticides, in
addition to heavy metals, such as methyl mercury (MeHg),
lead, and organotin compounds. Other important halogenated
industrial chemicals, often used in thousands of tons, are the
brominated and perfluorinated compounds utilized as flame
retardants and fire extinguishers. These pollutants are not
only localized to the region where they are used or produced,
but may spread globally through air and water. Surprisingly,
high concentrations of several industrial chemicals are found
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behavioral deficits. It was shown early that PCBs affect
dopamine and serotonin levels in the brain. Later studies
showed that transport mechanisms of these neurotransmit-
ters appear to be particularly sensitive to PCBs. Furthermore,
PCBs affect intracellular calcium levels and induce formation
of reactive oxygen species both in vivo and in vitro, and
reduce cell viability in vitro. Neuroendocrine functions, par-
ticularly the thyroid hormone system, are also sensitive to
disruption by PCBs and BFRs. Their metabolites, such as
hydroxy-metabolites, appear to be particularly potent. We
conclude that PCBs are particularly toxic during early devel-
opment and that the toxic effects are a combination of sev-
eral factors, including disturbance of calcium homeostasis,
oxidative stress, and influence on neurotransmitter transport.
Monoaminergic cells appear to be particularly vulnerable.
Keywords: brominated flame retardants, calcium homeosta-
sis, dopamine, methyl mercury, neurobehavioral effects,
reactive oxygen species.
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in the Polar Regions, especially in the Arctic. In a typical
ecosystem, lipophilic and persistent chemicals can accumu-
late through the food chain to higher trophic levels. Animals
that inhabit the marine environment such as large predatory
fish, seagulls, seals, and polar bears appear to be particularly
vulnerable. For humans, the main source of persistent
organohalogenated compounds is marine food with high
lipid content. The knowledge that these substances also
accumulate in lipid-rich breast milk is of particular concern
since early development is vulnerable period to the nervous
system (Weiss 2000).

In this review, we will restrict ourselves to discuss the
neurotoxic effect of two of the most quantitatively dominant
groups of environmental pollutants, namely PCBs and BFRs.
In addition, their major metabolites, some of which are
considered even more toxic than their parent compounds,
will be reviewed. We will also consider possible effects of
PCBs and BFRs in mixtures containing the highly neurotoxic
MeHg, which are often found in the human diet in
combination with the organohalogens. We will first give a
general summary of the chemistry, metabolism, and global
distribution of PCBs and BFRs. Next, we will briefly discuss
their effects on behavior as this reflects some of the complex
effects on the brain. Then, we will review the neurochemical
changes accompanying exposure to such compounds, and
finally, we will point out some small, but perhaps important
ultra-structural changes in brain, and also discuss effects on
the thyroid system.

Substances

Polychlorinated biphenyls

Polychlorinated biphenyls were introduced to the commercial
market in 1929 with applications in cooling and insulating
fluids for transformers and capacitors, hydraulic fluids,
additives in different types of paint, glue and cement, as
well as in insulation material for windows. It has been
estimated that more than 1.2 million tons of PCBs were
produced on a world basis until 1984. About 30% of the
PCBs have been discharged to the environment through
burning, evaporation, leaks, and dumping (Tanabe 1988;
Breivik et al. 2002). The PCBs are extremely persistent, non-
combustible, and thermostable, and they are lipophilic and
resistant to both biotic and abiotic decomposition. The PCBs
are a family of chlorinated aromatic hydrocarbons with 209
possible congeners (Fig. 1). The PCB congeners are gener-
ally divided into three main structural classes according to
their chlorine substitution pattern. The coplanar, also called
the dioxin-like PCBs, with chlorine substitution in the para-
and meta-positions and no chlorine substitution in the ortho-
position; the mono—ortho-substituted PCB congeners, which
may attain coplanarity; and the PCB congeners with two or
more ortho-substitutions, which always are non-coplanar.
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Fig. 1 (a) General structure of polychlorinated biphenyls (PCBs), (b)
the coplanar PCB-126 (3,3, 4,4’,5-pentachloro biphenyl), (c) the non-
coplanar PCB-153 (2,2’,4,4',5,5-hexachloro biphenyl).

The PCBs were commercially available in mixtures with
different degrees of chlorination, which give them distinct
properties adapted for their use. The mixtures are often
denoted Aroclor 12XX (A12XX), where XX is the percent-
age of chlorine in the mixture, e.g. A1254 contains 54%
chlorine on weight basis. The individual PCB congeners
have different physical and chemical properties depending on
the position and proportion of the chlorine. Both in the
commercial mixtures and in the environment the non-
coplanar, ortho-substituted PCBs dominate. Detection of
PCBs in the environment was first reported in Sweden by
Jensen (1966) who found high levels of PCBs in dead white-
tail sea eagles. Even though most industrial countries
prohibited the use of PCBs in the late 1970s, these
compounds are detected in biota all over the world and are
still regarded as major global environmental hazards. Under
normal circumstances, the PCB levels are highest in lipid-
rich tissue. Because of its high lipid content, the brain
receives a large proportion of the accumulated PCBs,
especially during starvation, when PCBs can be mobilized
from lipid-rich tissue to the brain via blood. The highest
levels of PCBs in the brain have been found in dead polar sea
gulls from the islands of Svalbard and ranged from 0.9 to
29.5 mg/kg brain (wet wt.), corresponding to ~3-90 pmol/
kg (Gabrielsen ef al. 1995). Another investigation of live
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caught glaucous gulls revealed 0.5-9.5 mg/kg in brain (wet
wt.), corresponding to 1.5-30 umol/kg (Henriksen et al.
1998). In an experimental situation, Seegal et al. (1990) fed
non-human primate monkeys 3.2 mg/kg of the lightly
chlorinated PCB mixture A1016 per day for 20 weeks, and
found that the concentrations of the major congeners present
in the primate brain were 2-5 mg/kg (wet wt.).

Brominated flame retardants

Brominated flame retardants (BFR) have received much
attention as potential environmental toxicants since their first
discovery in environmental samples in the late 1970s and
early 1980s (Zweidinger et al. 1979; Andersson and Blomk-
vist 1981). BFR are a group of brominated organic
compounds used as additives to electronic equipment,
furniture, textiles, plastics, and insulating materials because
of their fire preventing properties (Birnbaum and Staskal
2004). The BFRs are a diverse group of chemicals with more
than 80 different registered compounds. The most exten-
sively used BFRs at present are the polybrominated diphenyl
ethers (PBDEs), hexabromocyclododecane (HBCD), and
tetrabromobisphenol-A (TBBPA) (de Wit 2002; Birnbaum
and Staskal 2004) (Fig. 2). Similar to the PCBs, the PBDEs
can exist in 209 theoretical congeners. Defined by their
degree of bromination, the PBDEs have been commercially
available in three different mixtures: the decaBDE, octaBDE,
and pentaBDE. The decaBDE constitute more than 90% of
the total PBDE usage. The decaBDE mixture contains
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Fig. 2 (a) General structure of polybrominated biphenyl ethers
(PBDEs), (b) the tetrabromobisphenol-A (TBBPA), (c) the hexabromo-
cyclododecane (HBCD).
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primarily BDE-209, the octaBDE mixture contains several
hexa to nona brominated congeners, and the penta mixtures
are generally composed of 24-38% tetraBDE (BDE-47), 50—
60% pentaBDE (BDE-99, BDE-100) and 4-6% hexaBDE
(BDE-153, BDE-154) (Alaee et al. 2001; Birnbaum and
Staskal 2004). The congeners most frequently found in the
environment are BDE-47, -99, -100, -153, and -154 (Darne-
rud et al. 2001). Some BFR, such as PBDEs and HBCD, are
additives that are mixed into polymers and not chemically
bound to the products. Others, such as TBBPA, are reactive
and bound chemically to the material. The Bromine Science
Environmental Forum estimated that the total annual market
demand for the major commercial BFRs reached ~200 000
tons in 2001 (http://www.bsef-site.com). Concerns for this
emerging class of chemicals are rising because of the
occurrence in environmental and human samples, and several
BFRs have become ubiquitous in the environment (de Wit
2002; Law et al. 2003; Watanabe and Sakai 2003). The
pentaBDE and octaBDE mixtures are now prohibited in most
European countries and Japan, and have been voluntarily
phased out in the United States. Some BFRs have structural
resemblances to PCBs, and to evaluate their toxicity, most
studies have therefore used a comparative approach to the
studies of PCBs and other organohalogens, such as the
dioxins. Whereas the levels of PCBs in the environment are
slowly diminishing because of the restrictions of use, the
levels of some BFRs have been increasing rapidly over the
last decade (Alaece and Wenning 2002).

Mercury

Mercury (Hg) can be subdivided into three chemical forms:
elemental, inorganic, and organic. The organic forms, such as
MeHg, are potent neurotoxicants. This compound is consid-
ered as one of the major environmental pollutants posing
threat to human health (Gochfeld 2003; Counter and
Buchanan 2004; Davidson et al. 2006; Mergler et al.
2007). MeHg is an organometallic cation (CH;Hg"), which
is formed by methanogenic bacteria from inorganic Hg. The
compound bioaccumulates in living organisms and is often
found with other organohalogenated toxicants, such as PCBs
and BFRs. Sources for human consumption are mainly fish
and marine mammals. When ingested, MeHg binds readily to
cysteine and other thiol compounds. This complex is
transported by the neutral amino acid transporter, and is
distributed throughout the body, across the blood-brain
barrier and across the placenta (Aschner and Aschner 1990;
Kerper et al. 1992; Bridges and Zalups 2005; Clarkson and
Magos 2006; Soldin et al. 2008). MeHg is, similar to PCBs
and BFRs, believed to affect neuronal function through
several mechanisms, such as effects on neurotransmitter
systems, induction of oxidative stress, protein synthesis,
disruption of microtubules, and intracellular calcium homeo-
stasis (recommended readings: Castoldi et al. 2001; Clarkson
2002; Costa et al. 2004; Johansson et al. 2007). The toxicity
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differs between adult and prenatal exposure. In human adults,
there is focal brain damage such as selective loss of granule
cells in cerebellum, whereas in prenatally exposed subjects
there is effect on the development of the whole brain,
indicating effects on neuronal migration (Clarkson 2002;
Clarkson and Magos 2006). In brain, the methyl group is
oxidized to inorganic Hg within glia cells, such as astrocytes,
and probably immobilized by selenium (Ganther et al. 1972;
Shapiro and Chan 2008). Because of the delay in the
appearance of signs and symptoms of poisoning after
exposure to MeHg, there has been some debate whether it
is the methylated or the inorganic form that exert the
neurotoxic effects in CNS. However, studies with e.g. the
less neurotoxic ethyl mercury have shown substantial
evidences for MeHg to be the proximate species for
neurotoxicity (Magos et al. 1985; Weiss et al. 2002; Magos
2003; Clarkson and Magos 2006; Aschner and Ceccatelli
2009). Other forms of organic mercuric compounds that are
neurotoxic are ethyl and phenyl mercury that are used as
preservatives in pharmaceuticals and as fungicides. Because
of its widespread presence in food articles of CH;Hg", PCBs
and BFRs we have, however, in this review only considered
the effects of CH;Hg" in combination with these organohal-
ogens. Considerable concerns are raised whether exposure to
mixtures of methyl mercuric compound and organohalogens
may exacerbate adverse effects.

Metabolism

Polychlorinated biphenyl congeners can be selectively
transformed in the liver to hydroxylated or sulfur-containing
metabolites (Bakke ef al. 1982; Preston et al. 1984; Safe
1984). The more hydrophilic metabolites are, in principle,
more easily excreted than the parent substances. Several of
the metabolites, are, however, retained in the body. The
parent compounds are metabolized primarily in the meta- or
para-position following CYP450-mediated arene oxide
formation (Bergman et al. 1994; Letcher et al. 2000). The
OH-PCB metabolites can be present in even higher concen-
trations than their parent molecules. In an investigation of
Slovakian women, only four PCB congeners — PCB 153,
138, 180, and 170 — had higher concentrations than 4-OH-
PCB-187 and 4-OH-PCB-146. In the umbilical cord of
newborns, the levels of the parent PCBs were only twofold
higher than those of hydroxylated PCBs (Park et al. 2007).

The PCBs are also metabolized through the mercapturic
pathway. In the case of 2,4",5-trichloro biphenyl, about 20%
is recovered as the mercapturate metabolites. The thiomethyl
and oxidized thiomethyl metabolites are derived from a shunt
away from the mercapturate pathway (thiomethyl shunt),
resulting from a cysteine S-conjugate B-lyase reaction on the
cysteine S-conjugate, resulting in the formation of a PCB
metabolite with an added -SH-group. The SH-group is then
methylated with S-adenosyl methionine and the sulfur first

© 2009 The Authors

oxidized to methylsulfinyl-PCB and then to methylsulfonyl-
PCB (Bakke efal. 1982, 1983). In a recent study by
Jorundsdottir er al. (2006), it was shown that some meth-
ylsulfonyl-PCBs have an even slower elimination half-life
than several of the PCB congeners.

Similar to the PCBs, the PBDEs may also be transformed
to their corresponding hydroxylated and methoxylated
metabolites, and these metabolites have been found in
wildlife as well as in humans (e.g. Marsh et al. 2004; Valters
et al. 2005; Verreault et al. 2005; Athanasiadou et al. 2008).
Kawashiro et al. (2008) found TBBPA and 6-OH-BDE-47, a
BDE-47 metabolite, in the umbilical cord, but not in the
maternal blood. They suggested that in the fetus these two
compounds are transferred through the placenta and only
slowly metabolized there. Using a chemical approach
Moreira-Bastos ef al. (2008) suggested that the PBDE
metabolites are readily formed and have a higher elimination
rate than their parent compounds and therefore less persistent
in the organism. TBBPA has a short half-life in the body,
probably because of its low lipophilicity, and does not
accumulate in high concentrations (Hakk and Letcher 2003;
Johnson-Restrepo et al. 2008). TBBPA undergoes oxidative
cleavage near the central carbon of the molecule, and major
metabolites are hydroxylated dibromo-phenol, hydroxylated
dibromo-isopropyl-phenol, as well as GSH, glucuronide, and
sulfate conjugates (Schauer et al. 2006; Zalko et al. 2006).
The technical mixture of HBCD contains primarily three
diastereomers: o, B, and vy, which constitute ~1-13%, 1—
12%, and 75-90% of the mixtures, respectively (Becher
2005; Heeb et al. 2005; Reistad et al. 2006). An interesting
observation is the selective accumulation of the o-isomer in
biological materials, indicating preferential metabolism and/
or uptake (Covaci et al. 2006). Zegers et al. (2005) found the
o-HBCD to be more resistant to cytochrome P450-mediated
biotransformation. Law et al. (2006) showed that a-HBCD
could be formed by bioisomerization of the B- and y-
diastereomers in rainbow trout (Oncorhynchus mykiss). Such
transformation of the B- and y-molecules would be expected
to affect the concentration in marine organisms by increasing
the relative contribution of a-HBCD. Thus, the increase of
the a-diastereomer in the environment could be because of a
more effective transformation of - and y-HBCD through
increased metabolic rate followed by preferential accumula-
tion of the a-diastereomer (Norstrom ef al. 1986; Verreault
et al. 2005). Degradation products of HBCD that are not
recognized as bioaccumulative or toxic are tetra- and penta-
bromocyclododecanes (Hiebl and Vetter 2007; Abdallah
et al. 2008) and tetrabromocyclododecene, dibromocyclod-
odecadiene, and cyclododecatriene (Davis et al. 2006).

Behavioral effects

Epidemiological studies, both after accidental and environ-
mental exposure to PCBs, have shown that they may impair
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cognitive functions and motor development in humans. In
Japan in 1968, and Taiwan in 1979, about 4000 humans
suffered from accidentally consumed cooking oil contami-
nated with thermally degraded PCB (Kuratsune et al. 1971,
1972; Hsu et al. 1985; Chen et al. 1994). Several of the
affected patients suffered from PNS symptoms such as
decreased nerve conduction velocity, numbness and weak-
ness in the limbs, and CNS symptoms like tiredness, and
respiratory disturbances. Children, who were exposed to
PCB prenatally and/or through breast feeding, showed
delayed motor development, defects in short-term memory
and lower scores on intelligence quotient (IQ)-tests (for
additional reading: Rogan et al. 1988; Tilson et al. 1990;
Seegal 1996). In the United States, there are two epidemi-
ological studies of children from Michigan and North
Carolina whose mothers had consumed fish presumed to be
contaminated by PCBs during pregnancy. A correlation was
found between the level of PCB exposure during develop-
ment and lower scores in behavioral tests and fine motor
tasks (Fein er al. 1984; Rogan et al. 1986; Gladen et al.
1988 Tilson et al. 1990; Jacobson and Jacobson 1996;
Seegal 1996; Longnecker et al. 1997). Schantz et al. (2003)
have analyzed several epidemiological studies from different
parts of the world and concluded that in all studies except
one (Gladen and Rogan 1991) there was a clear negative
effect of PCB exposure on cognition in children. Recently,
Stewart et al. (2008) examined a population of 9-year-old
boys exposed to PCB and estimated that for each 1 ng/g (wet
weight) increase in PCBs in placental tissue, full scale 1Q
dropped by three points (p = 0.02) and verbal IQ dropped by
four points (p = 0.003). The median PCB level was 1.50 ng/
g, with a lower quartile of 1.0 ng/g and an upper quartile of
2.0 ng/g. Moreover, this association was significant after
controlling for many potential confounders, including pre-
natal exposure to MeHg, p,p’-dichlorodiphenyldichloro-
ethylene, hexachlorobenzene, and lead.

Even in older persons eating large amounts of fish from
the contaminated Lake Michigan, PCB exposure has been
correlated with memory impairment (Schantz and Widholm
2001). These findings have been confirmed in several animal
studies, although these studies frequently use much higher
PCB concentrations than those that are seen in exposed
humans. Studies of PCB exposure during both gestation and
lactation indicate that there are effects of PCBs on behavior
and cognition. Among the most important studies is a study
on monkeys, which received a PCB mixture (7.5 pg/kg/day)
from birth to 20 weeks of age (Rice 1999). This PCB mixture
had a similar composition to that which is found in human
breast milk, and the level of exposure was assumed to
represent a safe level in human breast milk (50 ppb). The
monkeys were tested between 2.5 and 5 years of age and
major findings were a deficit on a spatial delay alteration
task, perseverative behavior, and inability to inhibit inappro-
priate responding. Several authors also have suggested that
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exposure to PCBs can contribute to the prevalence of
attention deficit hyperactivity disorder (ADHD) (Rice 2000;
Schettler 2001; Hardell ez al. 2002). Environmental factors
may account for ~20% of the prevalence of ADHD (Barkley
1998). Rice (2000) summarized the parallels between ADHD
and behavioral effects induced by PCB and lead exposure in
monkeys, and showed several similarities to children with
ADHD. Studies on rats and mice have also shown increased
activity levels following exposure to PCBs during brain
development (Eriksson and Fredriksson 1996a,b, 1998;
Holene et al. 1998; Berger et al. 2001; Branchi et al.
2005). These studies indicate that PCB exposure could lead
to ADHD-like symptoms. The neurobehavioral effects of
PCBs have previously been thoroughly reviewed (Tilson
et al. 1990; Seegal 1996; Giesy and Kannan 1998; Marius-
sen and Fonnum 2006).

There are no epidemiological studies showing that BFRs
impair human behavior following accidental or occupational
exposure. Recent laboratory studies have, however, revealed
that this group of chemicals may alter neurobehavior in a
similar fashion to that which has been shown for the PCBs.
In a series of studies by Eriksson’s group, it was demon-
strated that the PBDE congeners BDE-47, -99, -153, -209 as
well as HBCD cause permanent aberration in spontaneous
behavior and habituation capability in mice after a single
exposure (3—10 mg/kg) on postnatal day (PND) 10 (Eriksson
et al. 2001, 2002; Viberg et al. 2003a,b, 2004; Johansson
et al. 2008). In animals tested long after exposure, penta-
BDE-99 and hexaBDE-153 were also shown to affect
learning and memory functions in the Morris swim maze
(Eriksson et al. 2001; Viberg et al. 2003a). Gee and Moser
(2008) applied a similar study design and found increased
motor activity in mice after a single exposure to BDE-47 on
PND 10. Furthermore, rats exposed to BDE-99 from
gestational day (GD) 6 to PND 21 suffered from delayed
appearance of climbing response, a transient increase in
locomotor activity at PND 34 and PND 60 followed by a
decrease in locomotor activity at PND 120 in an open-field
chamber (Branchi et al. 2002, 2005). Offspring of Wistar rats
exposed to a single low dose of the pentaBDE-99 (300 pg/
kg) on GD 6 showed increased basal locomotor activity at
PND 36 and 71 (Kuriyama et al. 2005). Rice et al. (2007)
observed increased motor activity at PND 70 in male mice
exposed neonatally to BDE-201 from PND 2 to PND 15.
Also Suvorov et al. (2009) found increased locomotor
activity in pups following exposure to low doses of BDE-
47 (0.002-0.2 mg/kg) from GD 15 to PND 20. Dufault et al.
(2005) exposed rats to DE-71 for 1 week (PND 6-13,
30 mg/kg/day) and found an increase in errors in a visual
discrimination task. Fernie ef al. (2008) exposed adult
American kestrels (Falco sparverius) to 0.3 and 1.6 ppm
DE-71 for 75 days during the breeding period. Birds in both
exposure groups demonstrated considerable alterations in
reproductive courtship behavior, including less copulation,
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less time spent in their nests, and altered pair bonding
behavior.

Human populations are often exposed to mixture of
toxicants, of which PCBs in combination with MeHg is of
particular concern (Grandjean et al. 2001; Stewart et al.
2003; Myers et al. 2009). Both MeHg and PCBs alone are
known to cause neurological effects (Schettler 2001; Grand-
jean and Landrigan 2006) and it is postulated that these
neurotoxicants might interact to exacerbate adverse effects
(Grandjean et al. 2001, 2003; Roegge et al. 2004). Stewart
et al. (2003) found that prenatal exposure to high levels of a
mix of PCB and MeHg had a negative effect on McCarthy
performance (IQ testing) in young children (38 months). The
effects disappeared when the children reached 54 months.

Similar neuropsychological defects were seen in children
from the Faeroe Islands exposed to MeHg, but not in children
from the Seychelles exposed to similar levels (Myers and
Davidson 1998; Grandjean ef al. 2001; Myers et al. 2009).
Both populations had a similar high consumption of MeHg-
contaminated fish, but in the Faeroe Islands the children had
also been exposed to PCBs via mother’s milk because of their
mothers’ dietary consumption of whale meat and blubber.
The Faeroe Island study indicated that additional exposure to
PCB could be an important factor (Grandjean et al. 2001).

Several animal studies support the findings that PCB and
MeHg increase the neurotoxic effect during coexposure.
Recent in vivo studies indicate that rats exposed both to an
ortho-substituted PCB (PCB-153) and MeHg during devel-
opment showed impaired balance and coordination, whereas
neither PCBs nor MeHg alone was able to affect the
performance (Roegge et al. 2004). A later study by Roegge
et al. (2006) showed that the exposed rats had significant
reduction in serum triiodothyronine (T3) and thyroxine (T4)
concentrations. In addition, they suggested that the behav-
ioral effect could be linked to the effect of calcium released
from ryanodine-sensitive stores (see calcium homeostasis).
Cheng et al. (2009) found that rats fed rice contaminated
with high levels of PCB and MeHg on PND 21-91
responded with a significant delay in the Morris water maze
test on day 91. Neurochemically, this was correlated to an
increase in expression of early response genes (c-fos/c-jun) in
the brain. They also found reduced superoxide dismutase
(SOD) activity in brain, liver, and kidney and increased
levels of GSH. Eriksson and coworkers exposed mice to
MeHg in combination with PCB-153 or PBDE-99 on PND
10. Only the mice given the substances in combination
showed disruptions in spontaneous behavior, lack of habit-
uation, and reduced cognitive functions after 2 and 4 months
(Fischer et al. 2008a,b).

Mechanisms for neurotoxic effects

A major challenge is to link the behavioral effects seen after
exposure to environmental toxicants to changes in the
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nervous tissue. The effects seen on a population level or in
individual organisms probably result from effects on several
neurochemical targets. PCBs are perhaps one of the most
studied environmental toxicants, and intensive research has
revealed that PCBs act on a range of different neurochemical
as well as neuroendocrine targets. The PCBs therefore have
become model substances for the comparative studies of
other halogenated analogs. In brief, the most plausible targets
of PCB exposure are neurotransmitter systems, including
neurotransmitter transport and receptors, calcium homeosta-
sis, and oxidative stress. These effects may be followed by
activation or inhibition of a range of signal transduction
enzymes such as protein kinase C (PKC) and nitric oxide
synthase (NOS) activity, synaptic plasticity such as long-term
potentiation (LTP) and long term depression, and decreased
cell viability. An overview of signaling pathways affected by
PCBs and BFRs is summarized in Fig. 3. In addition, it has
been shown that PCBs act on neuroendocrine targets such as
the thyroid hormone (TH) system, which may influence
neurodevelopment, particularly of the cholinergic system
(Smith et al. 2002).

Gene expression

Exposure to toxic xenobiotics invariably involves changes in
the expression of a broad spectrum of genes followed by
synthesis of specific proteins, which may be followed by
adverse effects on cellular levels and ultimately the entire
organism. The application of gene-arrays is a convenient way
to discover early markers of effects for less investigated and
emerging toxicants. Genetic analysis has been carried out in
hippocampus and cerebellum after exposure of Long—Evans
rats to A1254 (6 mg/kg/day) from GD 3-PND 21. The
mRNAs were analyzed with microarrays on days 7 and 14.
More changes in gene expression were observed in hippo-
campus than in cerebellum and more on PND 7 than on PND
14. In hippocampus, 173 transcripts were changed on day 7
and 50 were changed on day 14. In cerebellum, 87 transcripts
were changed on day 7 and 24 transcripts were changed on
day 14. In both cases, the main changes in gene expression
occurred in genes concerned with cell maintenance and
development. Other deviations were seen on neurotransmis-
sion, signal transduction, and stress-related and transcription-
regulated processes (Royland and Kodavanti 2008).

The PCB metabolite 4-OH-PCB-126 (1 mg/kg/day) was
given to pregnant rats from GD 7 to PND 1 and effects on
mRNA of thyroid receptors, glutamate receptors, and
exocytosis proteins were investigated. The major changes
in gene expression were observed in the hippocampus. In
male offspring, there was an increase in TH receptor mRNA
of thyroid hormone receptor o and a decrease in thyroid
hormone receptor B. In the hippocampus, the expressions of
mRNA of the glutamate receptors NR2A, NR2C, NR3A,
mGLUR1, mGLUR2, mGLURS5, mGLUR6, mGLUR?7, and
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Fig. 3 A simple overview of the main suggested neurochemical tar-
gets of PCBs, BFRs and their metabolites in a nerve cell as discussed
in the text. (1) Disruption of mitochondrial calcium homeostasis and
the mitochondrial transition pore. (2) Activation of the RyR in ER.
(3) Activation of the 1P receptor in ER (4) NMDA receptor activation.
(5) Increased influx of Ca* from L-type VDCC and inhibition of the
sodium—calcium exchangers (NCXI). (6) AMPA receptor activation.

mGLURS were decreased. There were only small changes in
the cortex and the striatum. There was, however, an increase
in the expression of exocytosis-related genes (synaptobrevin
1 and 2, synaptosomal associated protein (SNAP) 25, and
syntaxin 1b) in the hippocampus and the striatum (Takahashi
et al. 2009).

A complex mixture containing PCBs is called the
‘Northern contamination mixture,” and contains the 27 most
abundant contaminants found in the blood of the Canadian
arctic population. The main contaminants are PCBs, chlori-
nated pesticides, and metals. When Sprague-Dawley rats
were dosed orally from GD 1 until weaning with this
mixture, gene analysis using microarray identified significant
changes in 50 known genes involved in nerve cell differen-
tiation, cell migration, myelination, and synaptic transmis-
sion in the cerebellum (Padhi ef al. 2008). An increased
mortality of pups in the high dose group (1.099 mg/kg PCB,
1.9 mg/kg organochlorine pesticides, and 1.997 mg/kg
MeHg) was observed (Pelletier ef al. 2009). Increased
mortality rate and impaired growth were attributed to MeHg,
whereas PCBs were responsible for the decreased T4 level
and thyroid gland perturbations.

Effects on the neurotransmitter system

It was early established that ortho-PCB alters dopamine
(DA) levels and turnover in brain (Chou et al. 1979; for
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(7) PKC activation. (8) PLA, activation. (9) Activation of NOS followed
by NO® formation. (10) DAT inhibition of dopamine transport. (11)
VMAT inhibition of dopamine transport. (12) Autooxidation of dopa-
mine followed by O,"~ formation. (13) Formation of reactive oxygen
species as a consequence of disruption of Ca®* homeostasis, gluta-
mate excitoxicity, PLA,_ and NOS activation. (14) Activation of MAP-
kinases as shown by ERK.

review Seegal 1996; Mariussen and Fonnum 2006). It
appears that the effect on DA depends on whether the
animals are exposed as adults or during development. A
decrease in brain DA levels has been reported in adult
monkeys exposed to the technical PCB mixtures A1060 and
A1260 (0.8-3.2 mg/kg/day for 20 weeks) (Seegal 1996),
whereas increases in brain DA levels have been observed in
the brains of rats exposed prenatally to A1016 (maternal
exposure to 100 or 300 mg/kg A1016 in food from GD 8 and
during lactation) (Seegal 1994). Furthermore, decreased
serotonin levels in the brain have been reported after PCB
exposure (for review: Seegal 1996; Tilson and Kodavanti
1997). Several attempts have been made to elucidate the
mechanisms underlying the effect on the dopaminergic and
the serotonergic system. It was discovered that ortho-PCBs
cause biogenic amine release in brain preparations and
dopaminergic cell cultures (Angus and Contreras 1996;
Chishti et al. 1996; Angus et al. 1997; Messeri et al. 1997).
These findings could be explained by inhibition of the
vesicular monoamine transporter (VMAT) in synaptic vesi-
cles or the plasma membrane DA transporter (DAT) in
synaptosomes by PCBs (Mariussen et al. 1999, 2001,
Mariussen and Fonnum 2001). Such effects on the dopami-
nergic transport system have gained strong support from both
acute (Seegal et al. 2002; Richardson and Miller 2004) and
subchronic exposure of rodents to PCBs (Caudle et al.
2006). Seegal et al. (2002) exposed adult rats to 25 mg/kg/
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day of PCB for different periods of times and found by
microdialysis an initial increase of extracellular DA, sug-
gesting DAT inhibition. Bemis and Seegal (2004) exposed rat
brain synaptosomes to different PCB congeners and mixtures
and concluded that the observed reduction in synaptosomal
DA content was because of VMAT inhibition. A single
excessive dose of A1260 or A1016 (500 mg/kg) reduced the
expression of both DAT and VMAT, as shown by western
blot, after 1, 7, and 14 days exposure in adult rats
(Richardson and Miller 2004). In a subchronic study, Caudle
et al. (2006) administered mice 7.5 or 15 mg/kg/day of a
1 : 1 mixture of A1254 and A1260 for 3-30 days, and found
a dose-dependent reduction in striatal DAT expression and
striatal DA uptake ex vivo after 14 and 30 days. In this study,
a small reduction in VMAT expression was also reported in
the high dose group, whereas the expression of tyrosine
hydroxylase was unaffected. /n vivo and in vitro studies
therefore show that DA metabolism is influenced primarily
by inhibition of DAT and VMAT, whereas no effects so far
have been found on DA receptors.

Polychlorinated biphenyls have also an impact other
neurotransmitter systems, such as plasma membrane uptake
of glutamate and GABA (Mariussen and Fonnum 2001),
expression of NMDA receptor binding sites in visual cortex
(Altmann et al. 2001), and inhibition of the responsiveness
of the GABA, receptor on Ca®" and chloride influx in rat
cortical cells (Inglefield and Shafer 2000a). But, until now,
the only evidence for an effect on amino acid neurotrans-
mission is that reported on genetic alterations (see gene
expression). In a range of studies, Eriksson and coworkers
exposed mice to PCBs on PND10, which is characterized as
a period with high neuronal growth (Eriksson and Fredriks-
son 1996a,b; Eriksson 1997). They reported a minor increase
(5%) in the level of brain muscarinic receptors (Eriksson
et al. 1991) and a reduced expression of nicotine receptors in
hippocampus (Eriksson and Fredriksson 1998).

Less is known about the effect of PCB metabolites, BFRs
and BFR metabolites on neurotransmitter systems. Mariussen
and Fonnum (2003) screened several BFRs and found that
the pentaBDE mixture (DE-71) as well as HBCD and
TBBPA inhibit uptake of DA in rat brain synaptic vesicles
in vitro at low concentrations (ICso; 3-8 uM). HBCD and
TBBPA were also shown to inhibit DA uptake into
synaptosomes (ICsp; 4 and 9 puM, respectively). The effect
of TBBPA differed from the effects of the other BFRs as it
non-selectively also inhibited GABA and glutamate uptake at
similar concentrations. The effect of TBBPA on synapto-
somes was attributed to a reduction in the membrane
potential, diminishing the driving force for neurotransmitter
uptake. The pentaBDE mixture was generally a poor plasma
membrane uptake inhibitor. Several other commercial mix-
tures of BFRs (octaBDE, decaBDE, hexaBB and octaBB,
tribromophenylallylether, and bisdibromopropoxydibrom-
ophenylpropane) had no effect on the plasma membrane
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uptake of DA, glutamate and GABA (Mariussen and
Fonnum 2003). Viberg (2009) exposed rats on PNDI10 to
octa- and nonaBDE (21 umol) and found an increase in
calcium/calmodulin-dependent protein kinase I (CAMKII)
and synaptophysin in the hippocampus. Dingemans et al.
(2007) found a decrease in LTP and in glutamate receptors,
but no effects on other measured proteins, after exposing
mice on PND10 to BDE-47. Exposure of PC12 cells to 6-
OH-BDE-47 (5 pM) induced vesicular catecholamine re-
lease, which coincided with a transient increase in [Ca*'];
shortly after the onset of exposure. The transient increase
came from the endoplasmic reticulum (ER). An additional
late increase in [Ca®"] was also observed at concentrations
equal to, or higher than 1 pM. The hydroxylated metabolite
6-OH-BDE-47 was shown to be more potent in disturbing
Ca®" homeostasis and neurotransmitter release than the
parent compound BDE-47. The present findings indicate that
oxidative metabolism may add considerably to the neuro-
toxic potential of PBDEs (Dingemans et al. 2008).

Some attempts have been made to elucidate effects of
mixtures of environmental toxic substances on neurotrans-
mitter parameters, showing various results. Coccini et al.
(2006) exposed rats to MeHg (1 mg/kg) between GD 7 and
PND 7 and found an increase in muscarinic receptor binding
using the muscarinic ligand quinuclidinyl benzilate (QNB).
Coexposure to MeHg and either PCB-153 or PCB-126 had
similar effect on the cerebral muscarinic receptors as exposure
to each compound alone. The results ruled out additive or
synergistic interactions on muscarinic receptors in the brain
areas examined. A similar study was performed by Castoldi
et al. (2006) to investigate monoaminergic neurotransmission
parameters. They found that a combined treatment with
MeHg and PCB-153 did not exacerbate the neurochemical
effects of the individual compounds. Piedrafita et al.
(2008a,b) showed that separate developmental exposure to
PCB-126 (100 ng/kg/day), PCB-153 (1 mg/kg/day), and
MeHg (0.5 mg/kg/day) impaired learning when the rats were
3-month old, but not in older rats (7-8 months). The
impairment was linked to a reduction of the glutamate-nitric
oxide pathway in the cerebellum in vivo. Coexposure to PCBs
and MeHg prevented this reduction and also the observed
learning impairment, indicating an antagonistic effect (Pied-
rafita et al. 2008a).

Polychlorinated biphenyl and MeHg act synergistically on
the DA content in striatal brain punches in vitro (Bemis and
Seegal 1999). Exposure to the PCB mixtures A1254 and
A1260 (10200 ppm) only, reduced tissue DA and elevated
media DA in a dose-dependent fashion. Exposure to MeHg (4
and 14 uM) alone did not significantly affect either measure.
However, when striatal punches were simultaneously exposed
to PCBs and MeHg, there were significantly larger reductions
in tissue DA and larger increases in media DA concentrations
than those caused by PCBs alone. Increases in 3, 4-dihydr-
oxyphenylacetic acid concentrations were also observed both
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in tissue and media. They suggested that the significant
interactions between these two toxicants might be because of a
common site of action that influences DA function. In our
laboratory we have studied the effect of MeHg in combination
with PCBs or BFRs on the reuptake of glutamate in
synaptosomes. To provide the optimal conclusion regarding
type of interaction, we analyzed the data using two mathe-
matical models, the Loewe model of additivity and Bliss’
model of independent action as recommended by Greco et al.
(1992) and Goldoni and Johansson (2007). All the toxicants
inhibited glutamate uptake with primarily additive effects, as
shown with both models, although a tendency toward synergy
was observed (Stavenes Andersen et al. 2009).

Calcium homeostasis

Calcium signaling is crucial for normal functioning of cells,
and sustained increases in intracellular calcium may be
detrimental for neurons. It was shown early that ortho-PCBs
affect calcium homeostasis in synaptosomes (Rosin and
Martin 1981) as well as in other cell types and preparations.
PCB-induced increases in intracellular calcium have been
attributed to release from both extracellular and intracellular
stores (for review, see Kodavanti 2006). Early work focused
on PCB-induced inhibition of PKC translocation, as deter-
mined by phorbol ester binding in cerebellar granule cells,
and calcium sequestration as determined by calcium uptake
in microsomal fractions (Kodavanti et al. 1993, 1994). Later
studies showed that A1254 induces Ca®" release from
inositol-triphosphate (IP;) sensitive Ca®" stores in ER,
followed by a sustained influx of Ca®" from store operated
Ca*' channels, glutamate receptors and L-type voltage-
dependent sensitive Ca®" channels in rat neocortical cells
(Inglefield and Shafer 2000b; Inglefield et al. 2001). Magi
et al. (2005) demonstrated that A1254 increased intracellular
calcium in human neuroblastoma cells via inhibition of the
specific sodium-calcium exchanger 1, which has a low
affinity, but high capacity for calcium transport.

In several studies, Pessah and coworkers have shown that
the non-coplanar PCB-95 interacts with the FK506 binding
protein and the ryanodine receptor (RyR) complex and
sensitizes calcium release from cells (Wong ef al. 1997a,b;
Gafni et al. 2004). The effect on RyR activation is congener
selective. A detailed structure activity relationship for PCBs
together with some hydroxy and sulfonyl PCB metabolites,
showed that the 2, 3, 6-PCB configuration is important for
optimal activation of RyR1 receptor. Substitution in the para
position, such as 4-chloride, decreased the effect, 4-OH-
substitution decreased the effect even more and 4-meth-
ylsulfonyl group eliminated the activity (Pessah et al. 2006).
Pessah et al. (2009) also took advantage of the fact that some
PCBs are chiral and can be obtained in different enantiomers.
They found that (=) PCB-136 enhances the binding of
ryanodine to the high affinity site of RyR1 and RyR2 and
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induces a rapid release of calcium from microsomal vesicles
by selective sensitization of RyR. The (+) PCB-136 enan-
tiomer was shown to be inactive at the concentrations tested
and did not antagonize the effect of (—) PCB 136 enantiomer.
Effects on RyR have also been shown in vivo. Schantz et al.
(1997) found decreased ryanodine specific binding in the
hippocampus and increased binding in the cerebral cortex in
rats exposed during gestation. The effect was associated with
locomotor and spatial learning deficits. In a recent study by
Kim et al. (2009) it was shown that low levels of the non-
coplanar PCB-95 and -170 (10-100 nM) enhanced field
excitatory post-synaptic potentials in the CAl region in
hippocampal slice preparations. The effect of PCB-95 was
associated with a sensitization of RyR followed by stimu-
lation of both GABA and glutamate release. The effect of
PCB-170, however, was enhanced by the GABA-blocker
picrotoxin, indicating congener-selective mechanisms of
action. Lehmler et al. (2005) reported the effect of the
racemic PCB-84 and its enantiomers on two neurochemical
measures: PKC translocation, as determined by [*H]-phorbol
ester binding in cerebellar granule cells, and calcium
sequestration, as determined by *°Ca®'-uptake by micro-
somes isolated from adult rat cerebellum. The racemic
mixture of PCB-84 was significantly more potent and
efficacious than the pure enantiomers, both in inhibition of
microsomal “*Ca**-uptake and in phorbol ester binding.
Kodavanti et al. (2003) showed that several hydroxylated
PCBs increased PKC translocation in cerebellar granule cells
and inhibited **Ca*-uptake in microsomes, albeit with
different potency and selectivity. 2’,4’,6’-Trichloro-4-biphe-
nylol was the most active compound, and the results
indicated that the hydroxyl-PCBs were as active as the
parent PCBs.

Some BFR also affect calcium homeostasis. Kodavanti
et al. compared the effect of different PBDE mixtures and
PBDE congeners with A1254 on calcium uptake in micro-
somes prepared from different brain regions (Kodavanti and
Ward 2005; Kodavanti et al. 2005). They showed that DE-
71, which primarily consists of tetra- and penta-brominated
diphenyl ethers, was as potent as A1254 in disrupting
microsomal calcium homeostasis. DE-79, which primarily
consists of hepta- and octa-brominated diphenyl ethers, had
no effect. A study of the single congeners, BDE-47 and
BDE-99, which are the prime constituents of DE-71, showed
that both congeners inhibit uptake of **Ca®" into microsomes
and mitochondria isolated from rat frontal cortex, cerebel-
lum, hippocampus and hypothalamus. The mitochondria
were more sensitive than the microsomes (Coburn ef al.
2008). In neuroblastoma cells exposed to DE-71, there was a
time-dependent elevation of intracellular calcium (Yu et al.
2008). Exposure of PC12 cells to 6-OH-BDE-47 (5 uM)
induced a transient increase in [Ca®']; followed by an
additional late increase in [Ca®"];. The parent compound had
a similar effect, although it was less potent. Use of
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pharmacological inhibitors suggested that the initial calcium
increase originates from ER, whereas, the late increase
originates from mitochondria (Dingemans et al. 2008). On
the other hand, HBCD inhibited the depolarization-induced
increase in [Ca®']; in PCI2 cells, of which the a-HBCD
diastereomer appeared to be the most potent (Dingemans
et al. 2009).

Bemis and Seegal (2000) investigated intracellular calcium
concentrations in cerebellar granule cells following PCB and
MeHg exposure. Exposure of cerebellar granule cells to
mixtures of 2,2’-dichloro biphenyl (2.5 or 5 pM) and MeHg
(1.5 uM) showed synergistic increases in [Ca®'];, that peaked
after 5 and 10 min exposure. Higher dose combinations,
including 2.0 uyM MeHg and 10 or 20 uM 2,2’-dichloro
biphenyl (DCB), or longer duration of exposure to lower
concentrations of contaminant mixtures, reduced [Ca®']; in
the granule cells compared with elevations seen following
exposure to MeHg only, suggesting a dose-dependent
antagonism between PCBs and MeHg. These data provide
evidence for both synergistic and antagonistic interactions
between PCBs and MeHg at the level of [Ca®"]; regulation,
that may ultimately lead to alterations in cellular functions.

Oxidative stress and cell viability

Numerous investigations show that non-coplanar PCBs
induce both apoptotic and necrotic cell death in a range of
nerve cell preparations in vitro, of which oxidative stress
probably is a major causative effect. Mariussen et al. (2002)
showed that PCBs increase reactive oxygen species (ROS)
formation, measured using the fluorigenic probe dichloro-
fluorescein (DCFH), in cerebellar granule cells. The coplanar
PCB-126 had no effect. The formation of ROS was abolished
by the presence of the antioxidant o-tocopherol. Antioxi-
dants, including a-tocopherol, ginseng extract, and trolox are
shown to protect against PCB-induced decreases in cell
viability in cultured embryonic rat hippocampal neurons
(Howard et al. 2003), in SK-N-MC cells (Lee et al. 2004)
and in the dopaminergic cell line MN9D (Lee and Opana-
shuk 2004), respectively. Protective effects of antioxidants
have also been reported following in vivo exposure of PCBs.
Rats exposed peritoneally to 2 mg/kg/day of A1254 for
30 days showed decreased levels of enzymatic antioxidants
such as SOD, GSH peroxidase, GSH reductase, and catalase
in cerebellum, cerebral cortex, hippocampus (Venkataraman
et al. 2007), and hypothalamus (Muthuvel et al. 2006). The
effect was counteracted by ascorbic acid (100 mg/day)
(Muthuvel et al. 2006; Venkataraman et al. 2007). Venka-
taraman et al. (2007) also found an increase in the hydrogen
peroxide level and increased lipid peroxidation, as well as
depleted GSH levels. In two identical studies animals were
fed a-tocopherol or melatonin, and these two antioxidants
protected against lipid peroxidation, formation of hydrogen
peroxide and the reductions in GSH level. In addition,
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melatonin protected against formation of the OH-radical in
cerebellum, cerebral cortex and hippocampus (Sridevi et al.
2007; Venkataraman et al. 2008). It has been hypothesized
that the effect of PCBs on cell viability and oxidative stress
in particular, is a consequence of elevation of intracellular
calcium and/or altered neurotransmitter compartmentaliza-
tion and neurotransmitter receptor activation. Elevation of
intracellular calcium may activate a range of different
signaling pathways, of which several can induce oxidative
stress. Signal transduction pathways that are involved in
PCB-induced oxidative stress and which can be linked to
calcium are PKC activation (Kodavanti et al. 1994), phos-
pholipase A, activation (Kodavanti and Derr-Yellin 2002),
NOS (Kang et al. 2002), and glutamate receptor activation
(Mariussen et al. 2002; Gafni et al. 2004). In line with these
findings, PCB-induced ROS formation in cerebellar granule
cells was reduced by the NMDA receptor antagonist MK-801
and to a lesser extent the o-amino-3-hydroxy-5-methylisox-
azole-4-propionate receptor blocker 2,3-dioxo-6-nitro-1,2,
3,4-tetrahydrobenzo[ f]quinoxaline-7-sulphonamide (NBQX),
as well as by inhibitors of phospholipase A,, NOS, and the
mitochondrial permeability transition pore (Mariussen et al.
2002). Howard et al. (2003) showed that proapoptotic
activity of PCBs is inhibited by RyR-antagonists and o-
tocopherol in rat hippocampal neurons, indicating a link
between PCB-induced increases in intracellular calcium,
apoptosis and oxidative stress. IP; and NMDA receptor
antagonists were not protective in this preparation. Kang
et al. (2004) exposed CATHa cells to PCBs and observed an
elevation in intracellular calcium, both in the presence and
the absence of extracellular calcium, followed by decreased
cell viability. The intracellular calcium increase was inhibited
by an IP; receptor (IP;R) antagonist and slightly inhibited by
a RyR blocker, indicating release from ER. Both IP;R and
RyR-antagonists protected against A1254-induced cell death,
whereas calcium chelators and NMDA blockers were
without effect. Kang et al. (2004) also found a reduction in
intracellular DA concentration, but neither calcium chelators
nor a calcium receptor antagonist prevented the depletion of
DA, indicating that the mechanism of PCB-induced DA
depletion may be independent of calcium alterations. In a
previous study, Mariussen et al. (2002) showed that the
NMDA receptor inhibitor MK-801 protected cerebellar
granule cells against PCB-induced cell death, indicating
calcium transport through the NMDA receptor. In a recent
study by Ndountse and Chan (2009) this was confirmed with
the use of SH-SYSY neuroblastoma cells. They found that
the toxic effect of non-planar PCBs was prevented by the
NMDA blockers MK-801 and memantin. They also observed
a protective effect of the calcium-chelator 1,2-bis(2-amino-
phenoxy)ethane-N,N,N’,N’-tetraacetic acid tetrakis (BAPTA-
AM), indicating involvement of calcium (Ndountse and
Chan 2009). Thus, there is good evidence that increased
intracellular calcium levels are involved in PCB-induced cell
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death. It seems, however, that the different types of cell
preparations have different ways of allowing this to occur. As
discussed above, IP;R, RyR, and NMDA receptors may be
involved, depending on the cell type.

Recently, the involvement of DA-induced oxidative stress
and toxicity has been more thoroughly investigated. In the
synapse, the action of released DA is terminated by rapid
reuptake by DAT. Once inside the terminal, DA is effectively
transported into synaptic vesicles by the VMAT-2 and
thereby protected from oxidation (Liu et al. 1996). The
VMAT-2 maintains a low cytosolic level of DA and prevents
DA-induced toxicity, such as free radical formation and
inhibition of mitochondrial respiration, in the neuron (Ben-
Shachar ef al. 1995; Hastings et al. 1996). An imbalance
between plasma membrane uptake and vesicular uptake of
DA may have severe consequences. In the pH-neutral
cytosol, DA is easily oxidized and may generate ROS. DA
is therefore toxic to the intracellular environment of the cell
(Graham et al. 1978; Slivka and Cohen 1985; Cubells et al.
1994; Miller et al. 1999). Caudle et al. (2007) showed that
mice expressing a low level of VMAT-2 display extensive
nigrostriatal degeneration. Strong inhibition of VMAT-2
transporters compared with low inhibitions of DAT trans-
porters increases the susceptibility of DA-induced neurotox-
icity (Miller et al. 1999). The recent findings that PCBs as
well as other organohalogenated compounds influence the
ratio between DAT and VMAT (Richardson and Miller 2004;
Richardson et al. 2006, 2008; Caudle et al. 2005), and the
fact that PCBs are inhibitors of both DAT and VMAT make it
plausible that such compounds increase oxidative stress,
particularly in dopaminergic cells. In support of this
hypothesis, Lee and Opanashuk (2004) have shown that
dopaminergic cells are more susceptible to A1254-induced
oxidative injury than are non-dopaminergic cells. They found
that A1254 selectively induces oxidative stress and reduces
cell viability in the dopaminergic cell population of primary
mesencephalic cells. Furthermore, Lee and Opanashuk
(2004) found that PCBs induce a time- and concentration-
dependent increase in ROS production in dopaminergic
MNOID cells, which preceded cytotoxicity. Intracellular GSH
depletion exacerbated PCB effects, and antioxidant pretreat-
ment with trolox attenuated ROS production and cell death.
Coincident alterations in antioxidant defense enzymes also
accompanied ROS production, including decreased MnSOD
and increased CuZnSOD protein levels. In a later study, Lee
et al. (2006) found that PCB-exposed MNID cells had
increased expression of heme-oxygenase-1 (HO-1) and
augmented intracellular Fe levels after 24 h. Fe chelating
by desferoxamine or pharmacologic inhibition of HO-1
activity with tin-protoporphyrin reduced Fe accumulation,
ROS production, and cytotoxicity. HO-1 over-expression
predisposed MNO9D cells to enhanced ROS production and
cell death in response to PCBs. Conversely, antisense
inhibition of HO-1 expression prevented PCB-induced
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ROS production and cell death. These observations suggest
that enhanced HO-1 -catalytic activity and subsequent
liberation of Fe participate in neurotoxic dopaminergic cell
injury caused by A1254. The importance of dopaminergic
cells in PCB toxicity has further been studied by using
organotypic cocultures between developing striatum and
ventral mesencephalon. An environmentally relevant PCB
mixture decreased the number of dopaminergic cells in
mesencephalon and GABAergic cells in striatum (Lyng et al.
2007). The importance of DA transport was demonstrated by
a reduction in tissue concentrations of DA, GABA and DAT
protein and an increase in soluble DA and homovanilic acid.
The reduction of GABAergic cells seemed to be linked to
oxidative stress and to occur prior to DA cell death (Lyng
et al. 2007). Further studies with PCB-exposed organotypic
cocultures showed an increase in oxidative stress, as shown
with dihydrorhodamine measurements, and depletion of
tissue GSH (Lyng and Seegal 2008). Depletion of DA from
the co-culture with use of a-methyl-p-tyrosine abolished the
formation of oxidative stress, and the GSH and GABA
depletion. Therefore, it seems likely that PCB-induced
neuronal toxicity originates in DA neuronal terminals
through inhibition of VMAT and consequent increases in
cytoplasmic DA and oxidation of DA. This gives a reduction
in antioxidant defense mechanisms that is likely to lead to
additional neuronal damage and eventual loss of both ventral
mesencephalon and striatal GABA neurons. It seems most
likely that reductions in DA transport are responsible for
increased cytosolic DA levels, and that oxidative stress
because of DA oxidation is responsible for dopaminergic and
GABAergic cell death.

Brominated flame retardants also affect cell viability and
induce oxidative stress. DE-71, HBCD and TBBPA induce
cell death, both necrotic and apoptotic, in cerebellar granule
cells, albeit with different mechanisms of action (Reistad
et al. 2006, 2007). To compare the effects with previous
studies on PCBs, several potentially protective substances
were added in combination with the BFRs. It was found that
both the NMDA receptor inhibitor MK-801 and the antiox-
idant a-tocopherol protected against BFR-induced cell death.
These results are similar to the effects induced by PCBs
(Mariussen et al. 2002). In contrast to DE-71 and HBCD,
TBBPA was shown to potently induce oxidative stress, as
shown with dichlorofluorescein fluorescence. The TBBPA-
induced oxidative stress was linked to a high increase in
intracellular calcium levels, induction of extracellular signal-
regulated protein kinase in the mitogen-activated protein
kinase pathway, and release of glutamate. These findings
indicate that TBBPA induces a glutamate mediated excito-
toxicity of cerebellar granule cells. He er al. (2008a,b)
exposed neuroblastoma cells (SH-SYS5Y) and primary rat
hippocampal neurons to BDE-47 and found reduced cell
viability at ~8 and 40 uM, respectively. Flow cytometry
showed the presence of apoptotic cells and an increase in
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DNA-damage in both cultures. The difference in sensitivity
between the cell types might be because of methodological
procedures, such as presence of serum in growth media
during exposure. Serum reduces the bioavailability and effect
of strongly lipophilic chemicals. The hypothesis that viability
of nerve cells following exposure to environmental toxicants
is related to oxidative stress was investigated in detail by
Giordano et al. (2008). They demonstrated that DE-71-
induced cell death of cerebellar granule cells was followed
by formation of oxidative stress, as shown with dichloroflu-
orescein, and lipid peroxidation. Cerebellar granule cells
isolated from knockout mice with low levels of GSH were
more susceptible to DE-71 exposure than neurons isolated
from wild-type mice. The addition of GSH and antioxidants,
such as N-acetylcysteine, N-tert-butyl-alpha-phenylnitrone
(PBN), and melatonin protected against DE-71-induced
toxicity (Giordano et al. 2008). Giordano et al. (2009)
recently also showed that astrocytes isolated from wild-type
mice with normal GSH levels, protect cerebellar granule cells
with low GSH levels against DE-71-induced cell death.
Astrocytes with low GSH level in coculture with cerebellar
granule cells had no protective effects.

Nevertheless, only few studies have been published
concerning mixture effects on cell viability and oxidative
stress. To investigate possible interactions between PCB-153
and MeHg, Vettori et al. (2006) exposed PC12 cells to binary
mixtures in different proportions according to the Loewe
model of additivity. In general, it was found that the mixtures
reduced cell viability and elicited additive effects. At some
concentrations, however, antagonism was observed. No trend
toward synergism was observed.

Effects on thyroid hormones

Much research has focused on the possible interactions of
PCBs as well as other environmental toxicants with neuro-
endocrine targets, with emphasis on the TH system. The TH
system appears vulnerable to environmental toxicants espe-
cially during early development (for review, see Porterfield
1994; Crisp et al. 1998; Zoeller et al. 2002; Colborn 2004).
TH is crucial for brain development and TH deficiency
during gestation causes cretinism, with severe cognitive and/
or mental disorders in the offspring (Oppenheimer and
Schwartz 1997; Koibuchi and Chin 2000). The molecular
structures of PCBs, as well as BFRs and metabolites of these
chemicals, are similar to those of TH (Fig. 4) and may
therefore act via TH receptors and/or TH-transport proteins.
Effects of PCBs on the TH system were reported as early as
the mid-1970s (Bastomsky 1974; Yamane et al. 1975). Some
researchers have reported that PCB exposure results in
thyroid enlargement and reduced serum total T4 levels with
normal T3 levels in the adult animals and during develop-
ment (Morse et al. 1996; Brouwer et al. 1998; Hauser ef al.
1998; Porterfield 2000). Plasma TH levels can be reduced by
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Fig. 4 Molecular structures of (a) thyroxine, (b) OH-PCB, (c) TBBPA
and (d) OH-PBDE showing structural similarities.

PCBs in at least three ways. First, compounds can affect the
thyroid gland and influence the synthesis of THs (Collins and
Capen 1980). Second, certain PCB congeners are reported to
induce the expression of a microsomal enzyme, uridine
diphosphate glucuronosyl-transferase, which metabolizes T4
to its glucuronide to facilitate its excretion (Beetstra et al.
1991; Brouwer 1991; Barter and Klaassen 1994). Third, the
binding of PCBs and particularly OH-PCB to T4 transport
proteins displace the natural hormone (Rickenbacher et al.
1986; McKinney et al. 1987; Brouwer 1989, 1990; Morse
et al. 1996). Many of the hydroxylated PCBs, and even the
BFR TBBPA, have a higher affinity for the transport protein
transthyretin than T4 itself (Cheek ef al. 1999; Meerts et al.
2000; Kitamura et al. 2005). Apparently, PCBs and hydroxy-
PCBs have low affinity for the thyroid receptor (Cheek et al.
1999). Maternal exposure to A1254 on GDs 14—16 resulted
in the accumulation of 4-OH-PCB-107 in fetal plasma and
brain in rats (Morse et al. 1996). In this case, the maternal to
fetal transfer of this hydroxylated PCB is facilitated by
binding to transthyretin in vivo, this mechanism can lead to
decreased fetal brain T4 levels (Meerts ef al. 2002). The TH
system has an effect on the development of the cholinergic
system (Smith et al. 2002). Pregnant rats were given chow
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containing various concentrations of PCBs (0, 12.5, 62.5,
125, or 250 ppm) to expose the offspring during pregnancy
and lactation. On PNDI5, the offspring showed depressed
circulating T4 levels and choline acetyltransferase (ChAT)
activity in a dose-response manner at all concentrations of
PCBs. There were no modifications of T3 levels. Injections
of T4, but not T3, elevated ChAT activity in the exposed rats
to near control levels. Thus, altered ChAT activity may
partially result from the hypothyroidism accompanying PCB
poisoning (Juarez de Ku et al. 1994; Provost et al. 1999).
These findings suggest that PCBs induce abnormal brain
development by acting directly on the TH system.

Brominated flame retardants affect the TH system both
in vivo and in vitro. In vivo studies have shown a reduction in
serum T4 levels following exposure to PBDEs, both after
acute and subacute exposure (Fowles et al. 1994) and after
gestational exposure (Hallgren et al. 2001; Zhou et al. 2001,
2002). HBCD was shown to reduce serum T4 levels, albeit at
relatively high concentrations (van der Ven et al. 2006). The
study by Hallgren et al. (2001), however, showed that PCBs
are more potent substances than both PBDEs and HBCD.
Interaction studies with human transthyretin receptor showed
that PBDEs have to undergo metabolic activation before the
compounds are able to competitively inhibit binding of T4
(Meerts et al. 2000; Hamers et al. 2006). This indicates that
it is the hydroxy-metabolites of PBDEs that are responsible
for the observed effect. In the study by Meerts et al. (2000),
it was also shown that TBBPA had an even higher affinity for
the transthyretin receptor than T4 itself. /n vivo studies
have, however, shown that only relatively high TBBPA
concentrations (30 mg/kg/day for one generation repro-
duction study) influence the TH system, probably because
of the short half-life of TBBPA in vivo (van der Ven et al.
2008).

Brain structural changes and synaptic plasticity

The behavioral effects of PCB exposure, implicating nega-
tive impact on memory, learning, and motor functions, has
led to the hypothesis that PCB exposure may induce
structural changes in brain or affect neuronal plasticity.
Induction and expression of LTP is regarded as a model for
learning and memory (Sweatt 1999) and several studies have
shown that different PCBs reduce LTP in the visual cortex
and hippocampus, both in vivo and in vitro (e.g. Altmann
et al. 1995; Gilbert and Crofton 1999; Ozcan et al. 2004).
Several receptors and signaling pathways are involved in the
induction, maintenance, and expression of LTP, of which
several are shown to be affected by PCBs, including calcium
homeostasis, PKC, and neurotransmitter modulation as
discussed above. The effects on LTP, however, appear with
both ortho-PCBs and the non-ortho-PCBs (Ozcan et al.
2004). This contradicts the current theory that ortho-PCBs
are responsible for the effect on brain, and indicates that
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other factors not yet discovered are responsible for the effect
on LTP.

Recent studies have shown that PCBs may induce
structural changes in the brain. Roegge et al. (2006)
observed a trend toward taller Purkinje cell dendritic trees
in Long—Evans rats on PND 21 after A1254 exposure (6 mg/
kg/day) from GD 6 to PND 16. However, the changes were
not significant. Lein et al. (2007) exposed female rats to
6 mg/kg/day A1254 from GD 6 to PND 21 and observed
small changes in the dendritic length of both CA1 pyramidal
cells in hippocampus and in Purkinje cells. The effect did not
persist through PND 61. In a follow up study Yang et al.
(2009) showed that exposure to A1254 interferes with the
normal development of dendrites in rats exposed to 1 and
6 mg/kg/day during gestation until PND 21. Only the rats
exposed to 1 mg/kg/day showed impaired results when
tested on the Morris water maze. In addition to dendritic
growth and RyR expression, TH-levels were measured in the
animals. In non-trained animals, only the 1 mg/kg/day group
displayed a significantly increase in the dendritic length of
cerebellar and cortical cells compared with control, whereas
the high dose group had no effect. In trained animals, the
control animals revealed an increase in dendritic growth,
whereas dendritic growth among the 1 mg/kg/day group was
reversed and the 6 mg/kg/day group displayed attenuation in
dendritic growth. Furthermore, the density of RyRI in
particular, changed in parallel to the dendritic growth. The
major findings of this study were that developmental PCB
exposure enhanced basal dendritic growth in untrained
animals but decreased experience-dependent dendritic plas-
ticity, and that these effects correlated better with altered RyR
expression than with endocrine disruption.

Polychlorinated biphenyl-95 appears to have the highest
potency measured so far among PCB congeners in altering
RyR function in neurons (Pessah et al. 2006). Exposure of
PCB-95 to cortical neuronal cultures increased their dendritic
tree more than exposure to PCB-66 (Yang et al. 2009).
Exposure to this congener also resulted in abnormal auditory
cortex development with changes in the balance between
excitatory and inhibitory input to neurons (Kenet et al.
2007), while the hearing sensitivity and brainstem auditory
response were normal. Other studies have, however, pointed
to an effect of PCB on hearing. Rats exposed to A1254 had a
loss of outer hair cells on the basilar membrane of the
cochlea. The affected area corresponded to the area respon-
sible for low frequency hearing (Goldey et al. 1995; Herr
et al. 1996; Crofton et al. 2000; Lasky et al. 2002; Powers
et al. 2006).

Kimura-Kuroda ef al. (2005) exposed mice cerebellar
granule cells to low doses of two OH-PCBs (nM), 4-OH-
2’,3,3’,4’,5"-pentachloro biphenyl and 4-OH-2",3,3’,4",5,5'-
hexachloro biphenyl and found that they inhibited the
TH-dependent dendritic development of Purkinje cells. In
contrast, 4-OH-2’,3,3’,5",6"-pentachloro biphenyl, 4-OH-

Journal Compilation © 2009 International Society for Neurochemistry, J. Neurochem. (2009) 111, 1327-1347



1340 | F. Fonnum and E. Mariussen

2'3,3',5,5,6"-hexachloro  biphenyl, 4-OH-2,2’3,4",5,5",6-
heptachloro biphenyl did not inhibit TH-dependent dendritic
development, but significantly promoted the dendritic exten-
sion of Purkinje cells in the absence of TH (Kimura-Kuroda
et al. 2007).

Conclusions

Behavioral testing of rats, mice, and monkeys has established
that industrial chemicals which have been or are still
produced in high volume, such as PCBs, may affect learning
and memory in young animals. This has also been supported
by several epidemiological studies. PCBs and several BFRs
also have effects on motor activity. In addition, it has been
hypothesized that exposure to environmental toxicants may
lead to increased prevalence of ADHD. Of particular concern
is that humans are not only exposed to single toxic
substances, but mixtures of potentially toxic substances such
as PCBs, BFRs, and MeHg, in addition to pesticides, heavy
metals, and even toxic metabolites. This constitutes major
challenges for risk assessment, complicates the identification
of the compounds responsible for toxic effects, and increases
the likelihood of interactions. Several studies indicate,
however, that most combinations are additive. Both PCBs
and BFRs seem to have several potential neurochemical
targets, such as neurotransmitter function, calcium homeo-
stasis, and ROS formation. The neurotransmitters most
strongly affected seem to be the monoamines, and both
transport and release are affected. There are also some effects
linked to the nicotine receptor. Furthermore, there is strong
evidence that the calcium homeostasis is affected. In
particular, there is substantial evidence that the RyR is
involved, but several other calcium channels are also shown
to be affected. Several pathways following PCBs and BFRs
exposure lead to increased ROS formation. In this respect it
should be noted that ROS formation often depends on
calcium activation. Furthermore, cytoplasmic DA levels can
increase because of alterations in the ratio between plasma
membrane and vesicle transport, and can easily be oxidized
to toxic reactive species. In addition, neuroendocrine
parameters are affected, especially the TH system. The
existence of a single critical target in the brain following
PCB and BFR exposure is debated. It is probably necessary
to distinguish between developmental and adult exposure,
with neuroendocrine effects being of higher importance
during developmental exposure than during adult exposure.
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