Evidence for endocrine disruption in humans and wildlife

26 Endocrine disruptors and
neurodevelopment in children
and wildlife

26.1 Overview of neurodevelopmental
problems in humans and wildlife and
evidence for endocrine disruption

There is currently considerable concern about a

potential relationship between increasing prevalence of
neurodevelopmental disorders and the increase in exposure

to pollutants over the past several decades (Landrigan &
Goldman, 2011a; 2011b; Weiss & Landrigan, 2000). Since

the 1970s, there have been dramatic increases in previously
rare neurodevelopmental disorders. For example, in the 1970s
autism prevalence was estimated to be between 4 and 5 in
10,000 children (Wing et al., 1976) but today this value is
estimated to be 1 in 110 children (Rice, 2007). Similar trends
have been observed for other neurobehavioural problems such
as ADHD (attention deficit hyperactivity disorder) and autistic
disorder (Figures 2.12 and 2.13), learning disabilities and
childhood and adult depressive disorders. Predominant among
these disorders are attention deficit disorders (ADD) — with or
without hyperactivity — with a worldwide pooled prevalence
estimate of about 5.3% (Polanczyk et al., 2007). Whilst

the increase in autism spectrum disorders is indisputable,
questions remain as to whether the increase in the incidence
and prevalence of ADHD represent a true increase rather than

an artefact due to more agressive disagnosis and reporting.
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There are also questions regarding whether there are
biological determinants of ADHD that may be impacted by the
environment. There are brain imaging studies that support the
concept that there are biological differences between children
with ADD compared to those children without ADD (Aguiar,
Eubig & Schantz, 2010). In addition, genetic studies show a
link between ADHD and genotype, though this is modified by
environment (Khan & Faraone, 2006). Therefore, it remains
a significant challenge to identify the possible causes of the
increased incidence — either geographical or temporal — and to
determine the extent to which environmental factors play a role
(Aguiar, Eubig & Schantz, 2010).

The observation of Paracelsus that women with goitre
gave birth to children with severe mental retardation was
an early indication that environmental factors could affect
brain development and neurobehaviour (Cranefield & Federn,
1963). Likewise, lead poisoning has been known to cause
neurotoxicity for millennia, though this was believed to be
a disease of adults working in occupations in which lead
exposure was very high (Needleman, 2009). Since then, our
knowledge of the relationship between neurodevelopmental
disorders and chemical exposure has advanced. It is now
clear that children — especially during fetal development — are
sensitive to the neurotoxic effects of lead and mercury, and at
low levels (e.g. Needleman, 2009). It is less widely appreciated
that hormones play many critical roles in neurodevelopment
and, therefore, associations between chemical exposures
and neurobehavioral disorders in humans and wildlife could
be plausibly related to disruptions of endocrine pathways.
Perturbations in thyroid hormone homeostasis during early

life can alter the neuroendocrine circuits that co-ordinate sex-

Prevalence of ADHD (%)

Figure 2.12. Worldwide prevalence of ADHD in children (http://www.medscape.org/viewarticle/547415). Figure reproduced with

publisher’s permission.
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Figure 2.13. Autistic disorder (AD) cumulative incidence time
series by cohort birth year from the literature for (a) Denmark,
California, and Kohoku Ward, Japan and (b) worldwide AD
cumulative incidence. Figure taken from: Timing of Increased
Autistic Disorder Cumulative Incidence. (Figure from McDonald &
Paul (2010), redrawn; Used with publisher’s permission)

specific physiology and behaviour (Jugan, Levi & Bloneau,
2010) and lead to a series of psychiatric and behavioural
conditions that are becoming increasingly evident in our
society (Gore, 2008, Mclachlan, 2001). The reproductive
hormones — estrogens, androgens, progestins — likewise
have important effects on neurodevelopment and childhood
behaviour, as well as effects on the brain of adults and adult
disease. Receptors of these hormones are expressed in the
developing brain — in some cases under regulation by other
hormones - indicating the great number of interactions
hormone systems have on the developing brain. Not only are
these hormones involved in the development of sex-typical
behaviours — critical attributes in wildlife populations — but
they are also involved in the development of other brain
structures.

Evidence suggests that endocrine disrupting chemicals can
interfere with neurodevelopment affecting cognition and sexual
behaviour in both wildlife and humans:

State of the Science of Endocrine Disrupting Chemicals - 2012

* There are sufficient data in human populations
to conclude that exposures to PCBs during fetal
development are linked to general cognitive deficits
(e.g., lower global intelligence quotient). Even in studies
of relatively low exposures, PCBs are correlated with

measures of cognitive function.

* Alterations in sexually dimorphic behaviours are seen
in human populations highly exposed to PCBs.

* Limited data exist to show that in utero exposure
to other EDC:s also affects cognition and sexually

dimorphic behaviours in animal studies.

* Recent studies of aquatic birds and fish suggest that
methylmercury exposure at environmentally relevant
levels can interfere with reproductive success due either
to overt neurotoxicity or more subtle neuroendocrine
disruptive effects. Methylmercury-exposed birds in the
field and in the laboratory have shown altered testosterone
and estradiol concentrations (Frederick & Jayasena,
2011), as well as altered courtship behaviour, altered song
(Hallinger et al., 2010), high levels of male-male pairing
and reduced reproductive success (Frederick & Jayasena,
2011). Reproductive behaviours are also affected in fish
exposed to environmentally relevant concentrations
of methylmercury (Hammerschmidt et al., 2002;
Sandheinrich & Miller, 2006), likely due to its effects on
the endocrine system (Crump & Trudeau, 2009).

* Many areas of the world are still inhabited by wild
mammals with levels of methyl-mercury in their tissues
that would be unsafe for rodents and humans (Basu &
Head, 2010; Mergler et al., 2007).

26.1.1 Thyroid hormone insufficiency and brain
development

The neurobehavioural impacts of thyroid hormone
insufficiency in humans are so clear that there is universal
screening of thyroid function in all regions of the world
(LaFranchi, 2010). To understand the ways in which exposure
to endocrine disruptors could affect brain development, it is
necessary to understand the complexities of the development
of both the neurologic and thyroid systems and how thyroid
hormones regulate brain development.

Figure 2.14 illustrates the three stages of neurological
development in relation to thyroid hormone during fetal
development, thus highlighting why the fetus is sensitive
to thyroid hormone disruption (Williams, 2008). There are
three stages of thyroid hormone-dependent neurological
development depicted in the figure: the first is before the
onset of fetal thyroid hormone synthesis (16-20 weeks
post conception in humans), the second is during the rest
of pregnancy, when the developing brain derives thyroid
hormones from both the mother and the fetus, and the third is
in the neonatal and post-natal period when thyroid hormone
supplies are derived from the child. Thyroid hormone plays
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Figure 2.14. Relationship between thyroid hormone action and development of the brain. In the first trimester of pregnancy, early neuronal
proliferation and migration is dependent on maternal thyroxine (T4). By the end of the first trimester, development of the hypothalamic-
pituitary axis has occurred and a surge in thyroid-stimulating hormone (TSH) secretion results in the onset of fetal thyroid hormone
production and increasing occupation of thyroid hormone receptors (TRs) by T3. Continuing development of the brain in the second and
third trimesters relies increasingly on T4 produced by both the fetus and mother. Continued post-natal development is entirely dependent on
neonatal thyroid hormone production (Figure based on Zoeller & Rovet, 2004).

different roles in different parts of the brain at various

times during development (Zoeller & Rovet, 2004). It is
delivered to the brain in a complex shuttling system. Largely,
T, is transported across the blood brain barrier by specific
transporters, converted to T, in the supporting (glial) cells,
and then further transported to neurons (Bernal, 2005). Thus,
it is a combination of transporters and enzymes that regulate
the delivery of the hormonally active T, to its targets. These
targets are both glial cells and neurons. For example, the cells
that produce the insulating sheath (myelin) around the axons
in the brain are dependent upon thyroid hormone (Billon

et al., 2002) and animals with low thyroid hormone show
progressively fewer of these cells in the major bridge between
the two hemispheres of the brain (Sharlin et al., 2008). Genetic
defects of the T, transporter in humans cause several mental
deficits to occur (Maranduba et al., 2006; Schwartz et al.,
2005; Visser et al., 2009).

26.1.2 Therole of hormones in brain
development

Sex steroids

In addition to the changes in thyroid hormone exposure during
early development, both male and female rodent embryos are
exposed to a changing milieu of sex steroid hormones during the
late embryonic and early postnatal period that cause permanent
sexually dimorphic differences in the size, cell number and
neurochemistry of hypothalamic regions of the brain (reviewed in
McCarthy, 2009). Because male and female embryos are exposed
to different genetic and hormonal environments, the brains of
male and female newborns are substantially different from the
day of birth. The existence of a genetic contribution to the control
of sexual dimorphisms in neurobiology and sexual orientation is
firmly established, although the specific genes implicated in the
process are not known. The role of hormones in human sexual

111



orientation is less well understood. Balthazart (2011) reviews the
literature indicating that sex steroid hormones may act in concert
with genetic factors as well as features of the social postnatal
environment to influence sexual orientation.

Balthazart (2011) reviews the literature indicating that sex
steroid hormones may act in concert with genetic factors - and
features of the postnatal social environment - to influence
sexual orientation in humans. This review emphasizes the
heuristic value of studies of girls with a medical condition
known as congenital adrenal hyperplasia (CAH). These girls are
exposed in utero to high levels of androgens from the adrenal
glands and exhibit, as a population, masculinization of various
behaviors including aggressive play and increased probability of
homosexual relationships (30-40 % in some studies compared to
10% in case controls or unaffected sisters) (Balthazart, 2011).

Other morphological and physiological characteristics
also appear to be influenced by prenatal testosterone in CAH
women, such as the ratio of the lengths of the second to fourth
fingers which differs between males and females (Hampson,
Ellis & Tenk, 2008) and is clearly masculinized in these women
(Breedlove, 2010).

In rodent models of human physiology, studies show that
sex differences in brain structure are caused by differences in
hormone action early in fetal development. These structural
differences are irreversible and are parallel to the effects of
hormones early in development on adult sex behavior. Thus,
hormones act early in development to organize the nervous
system in such a way that hormones in the adult can activate
sex-typical behaviours. In rodents, exposure to the male
hormone testosterone induces the preference for a feminine
sexual partner. Thus, genetic males or genetic females exposed
to testosterone will orient toward a female. In contrast, the
absence of testosterone leads to preference for a masculine
partner; genetic males or females deprived of testosterone
during development will orient toward a normal male. It is
also important to recognize that testosterone is converted to
estrogen in the male brain, and it is estrogen that is responsible
for sexual orientation (Henley, Nunez & Clemens, 2009; 2011).

Hypothalamic and pituitary hormones

Multiple hypothalamic neuropeptides and neurotransmitters as
well as pituitary hormones exert control over sexual behaviour
and reproduction in vertebrate animals including humans
(reviewed in Dickerson & Gore, 2007). The reproductive
neuroendocrine axis in vertebrates is regulated by the
gonadotropin releasing hormone (GnRH) neurosecretory
system, located at the base of the hypothalamus. In the
pituitary, GnRH binds to its receptors and stimulates the
synthesis and release of the gonadotrophic hormones LH and
FSH into the general circulation. The gonadotrophins act at the
gonads (ovaries and testes) to stimulate sex steroid production,
gonadal maturation and sperm and egg production. These three
levels of the hypothalamic, pituitary gonadal axis function both
independently and interdependently and thus a dysfunction

at one level has consequences for the other levels. Moreover,

neurotransmitters also modulate the release of GnRH.

State of the Science of Endocrine Disrupting Chemicals - 2012

Each neurotransmitter may have more than one type of
receptor on more than one type of cell and therefore, alterations
in the level of a single neurotransmitter may affect multiple
cells in different ways. Chemical contaminants can affect both
neurotransmission and neurosecretion via various mechanisms.
Minor changes in neuronal function may cause major changes
in sexual behaviour.

262 Evidence for endocrine disruption of
neurodevelopment in children and
in rodent models

Attention deficit disorders

There are a number of studies that support the hypothesis

26.2.1

that specific environmental factors represent risk factors for
ADD. Lead and PCB exposures represent important cases

of environmental contaminants associated with ADD in
children (Eubig, Aguiar & Schantz, 2010). Exposure to lead

is particularly high in developing countries like in many

parts of Africa where more than one third of the children still
suffer high levels of lead exposure (Falk, 2003). In developed
countries, on the other hand, only a small minority of children
(mainly the urban poor) are still affected by high levels of lead
(reviewed in WHO, 2003). Likewise, attention deficit is over
represented in children whose mothers exhibited low thyroid
hormone in the first trimester of pregnancy (Haddow et al.,
1999) or in children with prenatal ethanol exposure (Mattson,
Crocker & Nguyen, 2011). Finally ADD has been linked to
elevated exposure to a variety of organophosphate pesticides
(Bouchard et al., 2010; Kuehn 2010; Marks et al., 2010; Riccio,
Avila & Ash, 2010; Schettler 2001; Xu et al., 2011) still found
in relatively large segments of human populations (see Chapter
3.1.1.6 & 3.2.2.2). Thus, overall, although there is uncertainty
about causes of the increased incidence and prevalence of
ADD in children worldwide, there is plausible evidence to
conclude that some environmental chemicals are associated
with this disorder.

2622 General cognitive deficits and PCB
exposure

A very large number of studies have been published over the
past 10 years designed to characterize exposures of children
to industrial chemicals and to test whether they are related

to measures of cognitive deficits in children. In particular,

the relationship between exposures to PCBs and measures of
cognitive function has been well-studied. Despite the fact that
PCB production was banned in the late 1970s, they are still
found in all environments and all human and animal tissues
(see Chapter 3 for a comprehensive review). The relationship
between PCB exposure and cognitive function is an important
topic (reviewed by Carpenter, 2006) for the following reasons:
1) a large number of high quality studies have been published
on human populations around the world, 2) exposure
assessment has become quite sophisticated, and 3) cell-free,
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cell-based, and animal studies provide important insights
into the mechanisms by which these and other endocrine
disrupting chemicals can produce neurotoxic effects.

There are sufficient data in human populations to conclude
that exposures to PCBs during fetal development are linked
to general cognitive deficits (e.g., lower global intelligence
quotient). In highly exposed populations, the most consistent
effects across all studies were impaired executive functioning,
followed by processing speed, verbal ability and visual
recognition memory. These populations include: the Yu-Cheng
children in Taiwan (born to mothers exposed to thermally
degraded PCBs between 1978 and 1979; Chen et al., 1992),
the Dutch cohort (Patandin et al., 1999), the Lake Michigan
cohort of children born to mothers who ate PCB contaminated
fish (Jacobson & Jacobson 1996; 2003), the Dusseldorf
cohort (Walkowiak et al., 2001; Winneke et al., 1998) and the
Slovakian cohort (Park et al., 2009). Moreover, even in studies
of relatively low exposures, PCBs are correlated with measures
of cognitive function, including impulse control (Stewart et al.,
1999; 2000; 2003a; 2003b; 2005; 2000; 2008; 2006).

In addition to the cognitive deficits observed, the
Yu-Cheng children also exhibited alterations in sexually
dimorphic behaviour with exposed boys having a deficit in
spatial abilities (Guo et al., 2004). Exposure to higher ambient
levels of PCBs has also been associated with less masculinized
play in boys and more masculinized play in girls in a group of
Dutch school children (Vreugdenhil et al., 2004).

PCB levels detected in blood today are markedly lower
than they were in the 1970s — 1990s and a study carried out
in Germany recently suggested that exposure to PCBs at
current exposure levels does not impair neurodevelopment.
This conclusion was based on studying two populations in
close proximity to each other in Germany (Wilhelm et al.,
2008). Taken together, the available epidemiological evidence
is sufficient to conclude that PCB exposures during fetal
development are linked to measures of cognitive deficits
(Schantz, Widholm & Rice, 2003).

2623 Animal studies with PCBs

The mechanism(s) by which PCBs produce developmental
neurotoxic effects have been studied extensively. A dominant
theory is that PCBs can interfere with thyroid hormone
signalling during development. Many of the cognitive deficits
linked to PCB exposures are similar to those associated with
pre- and post-natal thyroid hormone insufficiency (Zoeller and
Rovet, 2004). Rodent studies almost uniformly show that PCB
exposures decrease serum thyroid hormone levels (Bastomsky
1974; Goldey et al., 1995; Zoeller, Dowling & Vas, 2000)

and produce effects on brain development that are similar to
those seen in PCB-exposed human populations (Goldey &
Crofton, 1998; Goldey et al., 1995; Herr, Goldey & Crofton,
1996). Cell-based studies show that some PCB congeners can
interfere directly with the thyroid hormone receptor (Gauger
etal.,, 2007; Iwasaki et al., 2002; Koibuchi & Iwasaki, 2006;
Miyazaki et al., 2004; Miyazaki et al., 2008).

Even in rodent animal models of humans, however, it is
difficult to say with certainty that behavioural or developmental
effects of PCB exposure are caused directly by effects on
thyroid hormone signalling. Specific PCB congeners can
affect the intracellular regulation of calcium in rodent brain
that is very important in nerve cell development and function
(Pessah, Cherednichenko & Lein, 2010). They can also
influence neurogenesis, neuron proliferation and differentiation
(Fox et al., 2010), and the dopaminergic system, in vitro and
in vivo (Barkley 1998; Kirley et al., 2002; DiMaio, Grizenko
& Joober, 2003), thought to be crucial for the pathogenesis
of ADHD. Very low doses of PCBs can impact sex steroid-
related endpoints in the rodent brain (Dickerson et al., 2011a;
Dickerson, Cunningham & Gore, 2011). Therefore, it is not
possible to directly demonstrate in animals that PCBs produce
neurotoxic effects by acting on thyroid hormone signalling
alone or whether in combination with other mechanisms.

Considering this, it is even more difficult to prove that
thyroid disruption mediates the effect of PCB exposure on
developmental neurotoxicity in humans. A number of studies
have evaluated the relationship between serum thyroid
hormone and PCB body burden in humans (Miller et al., 2009;
Longnecker, 2000). These are challenging studies to review both
because the technology associated with PCB measurement has
changed over the years, and because there are different measures
of thyroid function that have been employed in these studies — as
well as differences in the timing of sample collection relative
to periods of exposure. In addition, different PCB congeners
have different potencies for reducing thyroid hormone levels in
rodents (e.g. Giera et al., 2011), and this needs to be considered
also in epidemiological studies (Chevrier et al., 2007).

There are several important lessons from the PCB story:

* The only clinical measure of thyroid disruption currently
available in humans is serum hormone levels, and
therefore it is not currently possible to demonstrate that an
association between chemical exposure and hormone level
mediates specific adverse effects.

* Thyroid hormone insufficiency produces different effects
on cognitive development when it occurs at different times
during development (Zoeller & Rovet, 2004). Therefore,
the timing of measurements of thyroid function and
chemical exposure and the cognitive domains that may be
affected by these exposures are critical.

» If chemicals can interfere with thyroid hormone action in a
manner that is not revealed by changes in thyroid hormone
levels, (as has been shown in animal studies, e.g. Giera
etal., 2011), then we currently have no way of testing for
this in human studies. Therefore, biomarkers of thyroid
hormone action should be developed both for use in the
clinic and epidemiological studies.

* No guideline study validated for use in screening or testing
evaluates measures of thyroid hormone action; therefore,
these chemicals would be missed by regulatory tests

designed to screen chemical safety.
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2624 PBDEs and cognitive disorders

Knowledge of developmental toxicity of PBDE:s is limited,
although human in vitro and epidemiological studies indicate
that they work through the same mechanisms as PCBs to
induce effects on neurodevelopment via thyroid hormone
disruption (Schreiber et al., 2010; Chevrier et al., 2010).
Johnson-Restrepo & Kannan (2009) determined that infant
daily exposure dose of PBDEs in the USA due to inhalation,
incidental oral ingestion and dermal absorption of house dust
were significantly higher than in adults. Moreover, serum
samples of infants aged 0-4 years contained significantly
higher PBDE concentrations as compared to children of 5-15
years of age in an Australian population (Toms et al., 2008).
The major exposure route to PBDEs, however, is through
maternal exposure in breast milk (reviewed in Chapter 3.2).

There are few epidemiological studies on the
neurodevelopmental effects of PBDEs. A single study of
329 mothers in lower Manhattan, New York, examined 210
cord blood samples for PBDEs and neurodevelopmental
effects in the children at 12-48 and 72 months of age. The
findings indicated associations between high concentrations
of BDE-47, -99 and -100 and lower psychomotor and mental
development and IQ (Herbstman et al., 2010). An earlier study
(Roze et al., 2009) also reported a similar association.

262.5 Animal studies with PBDEs

In vivo experimental studies show that maternal exposure of
rodent models to individual PBDE congeners or commercial
pentabrominated mixtures causes dramatic changes in thyroid
hormone levels (Darnerud et al., 2007; Kodavanti et al.,
2010) as well as subtle changes in neurobehaviour and both
male and female reproductive endpoints (Kodavanti et al.,
2010). Various studies also report long lasting hyperactivity
and reduced performance in learning and memory tests (e.g.
Branchi et al., 2003; 2005; Viberg 2009a; 2009b; Viberg,
Fredriksson & Eriksson, 2003; 2004; Viberg, Mundy &
Eriksson, 2008; Kuriyama et al., 2007; Hallgren & Darnerud,
2002; Zhou et al., 2002) in a similar fashion to that described
for PCBs. Moreover, feminization of sex-steroid dependent
behaviour, such as of the sexually dimorphic sweet preference
of male rats, was observed following prenatal exposure to
BDE-99 (Lilienethal et al., 2006) and to a PCB mixture
resembling that found in human breast milk. In both of

these cases, the effects on behaviour appeared to coincide
with decreasing aromatase activity in the hypothalamic/
pre-optic area of the brain, inhibiting the local production of
the hormone estradiol (one of the main processes by which
the brain becomes male-like). Parallel to these behavioural
changes, alterations in proteins involved in neuronal
survival, growth and synaptogenesis are seen (Dingemans,
Van den Berg & Westerink, 2011). It is important to note

that behavioural toxicity in rodents can also occur without
alternations in maternal serum T4 (Gee & Moser, 2008; Gee,
Hedge & Moser, 2008).

State of the Science of Endocrine Disrupting Chemicals - 2012

2626 Mercury and neurodevelopment

Metals such as lead and mercury can also impair
neurodevelopment through direct neurotoxic effects,

through effects on thyroid function or through epigenetic
mechanisms (Ellingsen et al., 2000; Takser et al., 2005).
Methylmercury induced disruption of GABAergic signalling
in the brain under probable and relevant exposure scenarios
can have profound consequences as GABA (A) is the

main inhibitory neurotransmitter in the mammalian brain,
accounting for 50% of synapses in certain brain regions.
Exposure to methylmercury results in build-up of GABA (A)
neurotransmitter levels in the synapse and a corresponding
decrease in GABA (A) receptor levels (Basu et al., 2010). It
also reduces the availability of selenium which is essential for
deiodinase activity that in turn activates and inactivates thyroid
hormone in the brain and other tissues.

There is a particular current concern about methylmercury
because of its high levels in the diet (Trasande et al., 2006;
see Chapter 3.1.3). Historical incidences of methylmercury
poisoning led to neurodevelopmental impairments in
prenatally exposed children.

Consumption of fish is the primary route via which humans
are exposed to methylmercury and it is estimated that 8-16% of
USA newborns have cord blood levels higher than acceptable
limits (Trasande, Landrigan & Schechter, 2005), although this
percentage is higher in populations in all parts of the world that
rely more heavily on fish for sustenance (Hightower, O'Hare &
Hernandez, 2006), particularly in developing countries where
fish-eating communities may be exposed to pollution from
mercury processing plants (Oosthuizen & Ehrlich, 2001).

In West Greenland, for example, the levels of mercury
in the human diet exceed acceptable tolerable daily levels by
50%, much of which comes from consumption of seal tissues
(Johansen et al., 2004). The median concentration in the human
brain of 17 Greenlanders was 0.17 ng/g wet weight, although
levels of 4mg/g were found in some humans (Pedersen et al.,
1999). Furthermore, a study of 43 Inuit children reported that
mercury exposure might be related to neurological deficits
(Weihe et al., 2002).

In Africa, Nweke & Sanders (2009) report that an important
source of direct mercury exposure is the artisanal gold mining
and processing when exposure to vaporized elemental mercury
occurs during burning to separate the gold-mercury amalgam
(Savornin, Niang & Diouf, 2007). Workers typically not
equipped with personal protective equipment are at risk as
well as children under their care (Van Straaten, 2000). In some
countries, the mining and sale of gold are a female-only activity
and this may include a workforce between 500 and >100,000
women and children (Hentschel, Hruschka & Priester, 2003).

26.2.7 Bisphenol A and phthalates may
affect sex-specific behaviours and sex
dimorphism in neural development

Yolton et al. (2011) recently showed that the concentrations of
BPA and phthalates in maternal urine during early pregnancy
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were associated with higher hyperactivity and aggression in

2 yr old girls, but not in boys, consistent with rodent data,
suggesting an effect of BPA on sexual dimorphism of these types
of behaviour, (Kubo et al., 2003, Rubin et al., 2006). In a further
study, juvenile female rats exposed to BPA during gestation

and lactation exhibited defeminization of social interactions,
including reduced play with males, decreased social grooming,
increased play with females and increased sociosexual
exploration (Farabollinii, 2002, Porrini et al., 2005). Males
exhibited increased aggression at sexual maturation (Kawai et
al., 2003) and increased anxiety-related behaviour.

The effects of BPA on the brain and behaviour are
assumed to be attributed to its estrogen receptor (ER)-
mediated action, but it is not clear how its low potency could
account for the strong effects that are observed in many tissues
after exposure to relatively low doses. There is also evidence
that changes in gene expression in utero persist into adulthood
(e.g. Smith & Taylor, 2007; also reviewed by WHO, 2011) and
hence possibly involve epigenetic mechanisms (see Chapter
1.3.6). This is supported by evidence that estrogen and some
endocrine disruptors have been reported to dynamically
change the methylation status of their target genes and that
this is of critical importance for the function of the central
nervous system; epigenetic mechanisms play a crucial role in
neuronal plasticity (Borrelli et al., 2008) and thus are potential
targets for neurodevelopmental effects of chemicals that
induce cognitive dysfunction in human populations, mainly
when the exposure takes place during prenatal and early
postnatal development (Vahter, 2008; Bellinger, 2008). Given
the widespread use and human exposure to chemicals such
as phthalates and BPA (reviewed in Chapter 3.2), this is an

important area for further study.

2628 Are mixtures of different neuroendocrine
disruptors a concern for human health?

There is almost no information concerning the effects of
mixtures of neuroendocrine disruptors, even though there is
little doubt that PBDEs, PCBs, mercury and several pesticides
will co-occur in human tissues. Examples of situations where
interactive effects of mixtures been suggested to occur include
the combination of methylmercury and PCBs in two large
cohorts of children in the Faroe islands (Grandjean et al., 2001;
2004; Roegge et al., 2004). These suggestions are supported by
a very limited number of rodent studies in which synergistic
changes in neurochemical measures (e.g. Bemis & Seegal,
1999) and increases in neurotoxic effects (Eriksson et al.,
2003) have been reported as a result of combined exposures to
PCBs and methylmercury.

263 Evidence for endocrine disruption of
neurodevelopment in wildlife

In comparison with the evidence of neurodevelopmental
diseases and disorders in humans, data describing patterns

of neuroendocrine dysfunction in wildlife are less prevalent,

despite the fact that studies on wildlife (particularly
mammalian wildlife) can provide important information on
environmental exposures, early and sub-clinical effects and
clinical neurotoxicity of chemicals in the environment. There
is, however, a wealth of literature on the neurotoxicology of
mercury, the pesticide DDT, PCBs and PBDEs. Some case
studies are highlighted here that add weight to the evidence
presented in the human health section of this review on the

environmental contaminants of neurotoxic concern to humans.

263.1 Mammals

Methylmercury, PCBs and PBDEs biomagnify (concentrate)
up through aquatic food webs, resulting in high concentrations
in fish and other top predators (Chapter 3.1.3 & 3.2). As such,
consumption of contaminated fish represents the primary route

via which wildlife and humans are exposed to these chemicals.

Methylmercury

Much of our knowledge concerning neurotoxicology of
methylmercury was obtained following the human poisoning
event in Minimata Bay, Japan, alerted 5 years earlier by the
frenzied behaviour of cats, rats, crows and fish (Aronson,
2005). Around this time, population declines in other wildlife
species were particularly noticeable in regions that used
organomercurial fungicides, or that were located downstream
of pulp and paper mills using mercury.

The structural brain lesions and effects of methylmercury
are similar across mammals (reviewed in Basu & Head,
2010).The organic form of mercury, methylmercury, crosses
the blood-brain barrier and can cause a range of effects on
brain tissues in vertebrate wildlife. Lower exposures reduce
the levels of key enzymes (cholinesterase and monoamine
oxidase) in wild otters (Basu et al., 2007a) and N-methyl-D-
aspartate (NMDA) glutamate receptors in wild mink (Basu
et al., 2007a; 2007b), bald eagles (Rutkiewicz et al., 2011)
and polar bears (Basu et al., 2009). These effects have been
corroborated in laboratory studies of mammals and fish
exposed to methylmercury (Basu et al., 2006; 2007c; 2010;
Coccini et al., 2006; Berntssen, Aatland & Handy, 2003) and
are of both ecological and physiological concern because these
enzymes and receptors are parts of critical neurochemical
pathways that control reproduction, cognition, growth and
development (Manzo et al., 2001). At the present time, overt
episodes of mercury poisoning are rare but there is evidence
that lower levels of exposure can affect growth, reproduction
and development in wildlife. These effects are much more
common in longer-lived species that are higher up in the food
web because of the biomagnification of methylmercury through
aquatic systems (see Chapter 3.1.3). It is entirely possible that
even subtle neurological damage in fish-eating wildlife may
be having more severe consequences than we can currently
ascertain.

Mammalian wildlife species also accumulate mercury
in their brains where it can have subtle effects on the brain
neurochemistry (Manzo et al., 2001; Scheuhammer et al.,
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2007). Many areas of the world are still inhabited by wild
mammals with levels of methylmercury in their tissues that
would be unsafe for rodents and humans (Basu & Head, 2010;
Mergler et al., 2007). However, it is important to note that there
are differences in susceptibility between different species of
mammals. For example, levels of mercury in the livers of polar
bears in the Canadian Arctic exceeded those in the livers of
humans that succumbed to Minimata disease, but there is little
observational or experimental evidence of neurological damage
in the brains of these bears (Sonne et al., 2007), probably because
the levels in the brain stem were markedly lower than in the
other tissues of the body (Basu et al., 2009). Notwithstanding
this, mercury associated changes in brain NDMA receptor
levels were found in these bears, one of the earliest known
responses to mercury exposure. In addition, a subsequent study
reported an inverse association between mercury exposure

and DNA methylation in the lower brain stem of male (but not
female) polar bears, suggesting possible long term consequences
of mercury exposure for chromosomal stability, disease
progression and reproductive function (Pilsner et al., 2010).
These results may be of relevance to human health in Greenland
as an epidemiological study of 43 Inuit children in Greenland
reported that mercury exposure in humans might be related to
neurological deficits (Weihe et al., 2002).

PCBs

Most PCBs, particularly those with non-coplanar structures,
have intrinsic neurotoxic properties (Mariussen & Fonnum,
2006), and can impede several neurological processes including
dopaminergic signalling and calcium homeostasis. Whilst their
action on the neurological system is clear, data regarding their
accumulation in the brain are sparse. Where these data exist,
liver to brain ratios range between 3-fold to more than 7-fold
across mammals alone, making it difficult to derive exposure-
response relationships (Giesy & Kannan, 1998; Kodavanti et
al., 1998). As with mercury, the initial discoveries concerning
neurotoxicological effects of PCBs were seen in wildlife. Several
PCB mixtures and individual congeners at environmentally
relevant levels (e.g. <lpg/g in the diet) could impair numerous
health aspects including neuroendocrine function (reviewed

in Basu et al., 2007b). PCB bans and restrictions have led to

a decline in PCB concentrations in humans and wildlife over
the past few decades, although geographic hotspots still exist
where certain PCB congeners persist (Chapter 3.2.1 & 3.2.2). A
few biomonitoring studies report PCBs in the brain tissues of
mammalian wildlife and humans between 2-50 ng/g wet weight.
In marine mammals, however, brain PCB levels are higher (up
to 450 ng/g wet weight). Dominant congeners in the brain of
mammalian wildlife are coplanar and are similar to those found
in humans (CB153, 180, 170/190, 138 and 99).

As in humans and rodent models, the most commonly
observed effects of PCB exposure is the disruption of thyroid
hormone homeostasis. Laboratory studies with mink and with
harbour seals have shown PCBs to decrease T3 and T4 (see
Chapter 2.5). Moreover in numerous field studies of seals,

sea lions and polar bears, decreased serum T4 was correlated
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with PCB exposure. There is, however, mixed evidence on
the impacts of PCBs on brain neurochemistry in mammalian
wildlife. In river otters, no significant correlations between
brain PCB levels and several neurochemical markers were
found (Basu et al., 2007c), whereas in captive female mink
and in rodents and monkeys, changes in dopamine levels in
the brain and hypothalamus were found following exposure to
PCBs (reviewed in Seegal, 1996).

PBDEs

As already mentioned, the levels of PBDEs in the environment
rapidly increased with the increasing popularity of PBDEs as
flame retardants (Chapter 3.2). In the Baltic Sea, atmospheric
deposition of PBDE still exceeds PCBs by a factor of 40X.
Between 1981 and 2000, levels of PBDEs in the blubber

of Arctic ringed seals and in the marine mammals of

the temperate Asia-Pacific region increased about 9-fold
(Ikonomou, Rayne & Addison, 2002; Tanabe et al., 2008).

A single study reports levels of PBDEs in river otter brain

at concentrations ranging from 1.1 to 6.6 ng/g wet weight,
comprising only BDEs -99, -100 and -153 (Basu, Scheuhammer
& O'Brien, 2007). Levels in avian species in Belgium are
reported to be much higher (Voorspoels et al., 2006b): wild
sparrows, 140-5800 ng/g; owls, 0.8-174 ng/g; and buzzards 0.2-
1600 ng/g. Recent analyses of wildlife and human tissues for
PBDEs show some declining concentrations due to restrictions
and bans on their use, but levels in wildlife remain highest near
urban centres (Voorspoels et al., 2006a) and vary considerably
from one country to another as for humans (Chapter 3, sections
321 &3.2.2).

There is still much to learn about the neurobehavioral
toxicity of PBDEs in mammalian wildlife. In a recent review,
Costa & Giordano (2007) concluded that subtle but lasting
developmental neuroendocrine effects will occur at levels of
PBDESs only marginally higher than currently found in animal
tissues. Some of these effects are likely due to anti-thyroidogenic
or brain cholinergic mechanisms. There are few if any studies
examining this possibility. In a single ecological study on river
otters, there were no correlations between cholinesterase activity
and PBDE levels in the brain (Basu, Scheuhammer & O'Brien,
2007).

2.63.2 Non mammalian vertebrates

Methylmercury

Elevated exposure of fish and amphibians to methylmercury
also impairs behaviours that are critical for successful
reproduction, avoidance of predators and feeding (e.g. Weis,
2009). Laboratory studies have shown that, in general, the
younger animals are more sensitive to the effects; for example,
it takes 2-fold higher levels of methylmercury in adult than
young fish to negatively affect behaviours (Beckvar, Dillon

& Read, 2005). Similarly, in amphibians, maternal exposure
negatively affected growth, duration of metamorphic climax,

and swimming performance in a study of American toad
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larvae. The duration of metamorphic climax is a period of
increased vulnerability for immunological, energetic, and
ecological reasons, and therefore mercury exposure at this time
may increase mortality risk in exposed amphibian populations.
It is interesting to note that the metamorphs from mercury-
exposed mothers did not have elevated tissue concentrations due
to dilution of maternally transferred mercury during growth.

PCBs

Over the last two decades Khan & Thomas (1997; 2001,

& 2006) have accumulated substantial evidence on the
involvement of PCBs in the disruption of the seratoninergic
systems in fish brains. During gonadal recrudescence, PCBs
reduce both dopamine and serotonin in various regions of the
hypothalamus. This leads to an inhibition of the reproductive
luteinizing hormone (LH) and impairment of gonadal growth.
As in rats, this fall in dopamine and serotonin is thought to

be caused by the inhibition of thyroid hormone induced by
PCBs, and highlights the fact that adverse effects of endocrine
disruptors on reproduction can also be due to their effects on
neurohormones and thus indirectly on gonadal hormones.

PBDEs

In non-mammalian vertebrate wildlife, studies of
neurodevelopmental disorders, occurring concomitantly

with exposure to PBDEs, can be provided. There are multiple
lines of evidence suggesting that PBDEs affect T, levels in
developmentally exposed birds, fish and amphibians (e.g. Fernie
et al., 2006; Lema et al., 2006; 2008; 2009) making it likely that
these chemicals also affect neurodevelopment in these animals
as in rodent models. The most dramatic effect reported in fish
species is a hatching delay (Timme-Laragy, Levin & Di Giulio,
2006), which could be attributed to a T, mediated mechanism.
Other possible T, mediated effects include those on tail curvature
direction, hypo activity and elimination of the fright response,
with important consequences for predator recognition and
avoidance. Increases in thyroid hormone and its receptor occur
just before hatching in zebra fish and can be altered by exposure
to thyroid hormone receptor antagonists (Liu & Chan 2002).

264 Neuroendocrine effects of exposure
to endocrine disrupting chemicals
on courtship behaviour and mate
choice in wildlife

264.1 Methylmercury

Studies of aquatic birds suggest that methyl mercury
exposure at environmentally relevant levels can interfere with
reproductive success- due either to overt neurotoxicity or
more subtle neuroendocrine disruptive effects on courtship
behaviour and mate choice. For example, common loons
exposed to methylmercury showed increased lethargy,
reduced time incubating the nest and foraging and feeding
their young (Evers et al., 2008). As a result, adults in areas

with higher exposure had decreased hatching success of

eggs and production of chicks (Scheuhammer et al., 2007,
Evers et al., 2008). High mercury levels in eggs have been
suggested as a cause of declining ivory gulls in the Canadian
Arctic (Braune, Mallory & Gilchrist, 2006). Moreover,
methylmercury-exposed white ibises in the field and in the
laboratory have shown altered testosterone and estradiol levels
(Frederick & Jayasena, 2011), as well as altered courtship
behaviour, altered song (Hallinger et al., 2010), high levels

of male-male pairing and reduced reproductive success in
successful pairs that did raise young (Frederick & Jayasena,
2011). Male to male pairing has been reported extensively in
many animal species but it is most commonly associated with
skewed sex ratios or limited mating opportunities. It is notable
that this recent study did not report either of these conditions;
mating opportunities and sex ratios were approximately
equal. Moreover, male to male pairings do not normally

occur in wild ibises. The exposure levels encountered in
Frederick and Jayasena’s study were environmentally relevant
and are therefore of relevance to many bird populations.

As reproductive output was decreased by both homosexual
behaviours and as a result of a reduced number of fledglings
raised by heterosexual pairs, mercury exposure could lead

to altered demographic patterns in wild bird populations
(Burgess & Meyer, 2008; Barr, 1986). Indeed, in the Frederick
study, the breeding population size was inversely correlated
with their annual methylmercury exposure in South Florida,
USA (Frederick & Jayasena, 2011).

2642 DDT

DDT is a persistent, widespread environmental contaminant
found in most regions of the world and at high concentrations
in countries where it is still used to control malaria mosquitoes
(Chapter 3.2.1). The most well documented effects of DDT

on neurobehaviour are those seen in birds, where DDT has
been associated with decreased courtship behaviours (Zala

& Penn, 2004), altered singing (in songbirds) and female to
female pairing (in gulls). It is well known that administration
of testosterone or estradiol to adult female or male birds,
respectively, leads to mate attraction and courtship behaviour
typical of the opposite sexes. In addition, early developmental
exposures to estrogens or aromatase inhibitors has been shown
to profoundly increase male and female sexual interest in the
same sex and decrease male vigour. Sexual dimorphism of
singing is also thought to be controlled not only by sexually
dimorphic genes expressed in the brain but also by estrogen
(reviewed in Adkins-Reagan, 2011); reducing the concentration
of either 17B-estradiol or testosterone reaching the song system
in the brain (a set of interconnected brain regions that mediate
the learning, perception and vocalization of song) reduces the
size of this area, concomitant with decreases in singing activity
and song repertoire (Gulledge & Deviche, 1997; Metzdorf, Gahr
& Fusani, 1999; Riters et al., 2000, Riters & Teague, 2003;).

It is reasonable to hypothesise then that the effects of DDT on
neurobehaviour in birds are at least partially due to its ability
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to bind to and activate or inactivate the estrogen and androgen
receptors, respectively, that are present at high concentrations

in the song centre and two other areas of the brain (the ICo and
the septum; Gahr et al., 2001). Both the size of the ICo and its
neurons, thought to play a role in copulation, vocal displays

and antagonistic behaviour, can also be affected by circulating
hormone levels (Gurney & Konishi, 1980). Indeed, in a recent
study, exposure to DDT (15-175 pg/g) during the embryonic and
early post hatching period was shown to alter the structure of the
American robin brain, such that relative forebrain size (male) and
absolute song nuclei (male) and ICo volumes (male and female)
were significantly reduced with increasing DDT exposure when
the animals were examined 2 years post exposure (Iwaniuk et
al., 2006). Although stress and direct neurotoxicity could not

be ruled out as causes of these changes, it seems likely that
endocrine disruption played a role, as the size of other adjacent
AR and ER negative areas of the brain were not affected by the
exposure.

Female-female pairing, as occurred when gulls, albatrosses
and geese were exposed to DDT and other pesticides, could
also have been due to feminization of the brain. In this case,
however, these seemingly altered preferences could also have
been opportunistic responses to a lack of availability of males
(seen commonly in other species) and here caused by biased
sex ratios in the gulls (also an effect of the DDT; see section 2.3
of this chapter).

2643 Other EDCs

Feminizing effects of other xenoestrogens on sexually selected
neurobehavioral traits have also been observed in wild
mammals. A study of polygamous deer mice developmentally
exposed to the endocrine disrupting chemicals ethinylestradiol
(EE2) or bisphenol A (BPA) showed that although there were
no changes in external phenotype, sensory development,

or adult circulating concentrations of testosterone or
corticosterone, spatial learning abilities and exploratory
behaviours were compromised. Moreover, both BPA-exposed
and control females preferred the control males in preference
to the exposed males (Jasarevic et al., 2011). Males of this
species compete for mates by expanding their territorial range
during the breeding season, thereby increasing their prospects
of locating mates that are widely dispersed. This adult male
spatial ability and exploratory behaviour requires both a
seasonal increase in testosterone and prenatal exposure to the
same hormone (Galea, Karaliers & Ossenkopp, 1996).

The mechanism underlying the effects of ethinylestradiol
(EE2) and BPA is not known, but could be either a direct effect
of these EDCs on brain development in the male pups, and/
or due to a decreased maternal investment in the pups by the
dam (as has been observed also in rodents; Palanza et al., 2002;
Della Seta et al., 2008). These changes could also occur as a
result of effects on the expression of estrogen receptor genes
during neurodevelopment or as a result of suppression of fetal
testosterone production at the time when the androgens from
the testes normally masculinize the developing brain.
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The results of this study in a wild mammal are supported
by numerous studies in rodents in the laboratory in which
estrogenic chemicals have been shown to influence
neurobiology. For example, several studies indicate that
exposure of the developing brain to phytoestrogens affects early
sexual differentiation of the brain, by mimicking effects of
estrogens on the size and neurochemistry of sexually dimorphic
regions causing alterations in reproductive behaviour. These
effects are sensitive to the timing and duration of the exposure
and inconsistent results are often noted due to differences in
methodology. Moreover, increasing evidence also suggests
PBDE exposure can also influence reproductive behaviours in
birds at environmentally relevant concentrations (Fernie et al.,
2008). It has been suggested that these studies are of relevance
to human babies consuming soy formula during the early
postnatal period (reviewed in Dickerson & Gore, 2007).

PCBs do not appear to influence adult volume of the sexually
dimorphic areas of the brain but they can influence numbers of
nuclear hormone receptors in these sexually dimorphic brain
regions of exposed rodents during early development. It is not
clear what these changes mean in terms of the function of the
brain in this case. In addition, it is not yet clear whether the PCB
congeners have equivalent potential for disruption of the sexual
differentiation of the brain. Despite this, laboratory studies have
consistently shown that PCB exposure during early development
affects adult female reproductive behaviour and a limited
number of studies also report effects on the male (reviewed in
Dickerson & Gore, 2007).

Increasing evidence now indicates that xenoestrogens can
affect sexualization of the brain in fish in a general manner, and
not only sexually dimorphic features. Further study of this area
is needed both in wild populations of fish and in biomedical
toxicology where the fish brain could be considered a good
model for brain sexualisation in humans. Unlike in mammals
and birds, the brain of fish is not permanently sexualised during
early development, but is instead, highly susceptible to hormones
throughout its life. Despite this unique difference between fish
and other vertebrates, most of the hormones sustaining the
neurobehavioral controls of the reproductive process are similar,
if not identical. Moreover, as recently discovered in mammals
and birds estrogen, and not androgen, receptors in male and
female fish play a role in differentiation of the neural circuits
that control male-specific behaviour. The masculinizing effect
of testosterone on the brain is through its conversion to estrogen
by brain aromatase, a highly sensitive target for endocrine
disruptors (reviewed in Le Page et al., 2010).

265 Evidence fora common EDC
mechanism of neurodevelopmental
disruption for humans and wildlife

In many cases, the neurotoxicological outcomes of chemical
exposures are similar in wildlife and in humans, adding weight
of evidence to relationships between chemical exposure and

neurodevelopmental disorders in humans (Basu & Head, 2010).
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Unlike in humans, pollutant levels in the brains of wildlife
species can be easily sampled and measured and can reach
levels that are associated with neurotoxic damage in humans.
There are reports in the literature of damaged brains and spinal
cords in wild bald eagles and great blue herons in the USA and
a strong association between these anomalies and exposure

to 2,3,7,8-tetrachlorodibenzo-p-dioxin, which was discovered
at high levels in the birds. As early as 1915, lead-related
neurological disorders were observed in horses and cattle living
near industrial facilities. Moreover, before adverse neurological
effects of mercury were seen in the human residents of the
Great Lakes basin and in Minimata Bay (Japan), neurological
effects were seen in local wildlife species through the 1950s and
1960s (Harada, 1995).

Wildlife can also provide important insights into
mechanisms of neurotoxicity that may be important for human
health. As one might expect from the high conservation of
brain pituitary functions in vertebrates, neurohormones and
neuropeptides controlling these tropic functions are well
conserved and so the control of brain development by thyroid
hormones and of reproductive behaviour by sex steroid
hormones and GnRH neurons and neurotransmitters is similar
amongst all vertebrates. Most of this work has been carried out
in birds and fish, in which a diverse array of hormones have
been shown to be involved in the stimulation of courtship and
mating behaviour, including gonadal sex steroids produced
locally within the brain, and neuropeptides.

266 Main messages

» Neurobehavioural disorders have increased in prevalence in
human populations. The reasons for this are multiple and not
understood.

» Despite this, the economic, societal and personal costs of this
particular disease burden are high.

* There are some very strong datasets, for PCBs, showing
that environmentally relevant exposures to these endocrine
disrupting chemicals caused cognitive and behavioural
deficits in humans.

» Studies of exposed wildlife provide important information
on exposure levels, early and sub-clinical effects and clinical
neurotoxicity of endocrine disrupting chemicals because
the mechanisms underlying effects and the outcomes of
exposures are often similar to those in humans. Wildlife data
exist for some EDCs (e.g. PCBs) and potential EDCs (e.g.
Mercury), but for other EDCs they are sparse or non-existent.

« Limited evidence shows that environmentally relevant
exposures to some endocrine disrupting chemicals (mercury,
bisphenol A, PCBs, PBDEs) could affect brain sexualisation,
courtship behaviour and mate choice in some wildlife species,
possibly leading to impacts at the population level.

» Chemical testing strategies do not routinely require evaluation
of the ability of a chemical to produce developmental
neurotoxic effects in a pre-market setting.

» New criteria for evidence are needed so that the scientific
community and government agencies can focus their work
and their funding on providing the most effective datasets
required for regulation.

267 Scientific progress since 2002

Since the IPCS (2002) review on endocrine disruptors, the

following advances have been made:

* Increased evidence for thyroid hormone mechanisms in

brain disorders in humans and wildlife.

* Increased evidence of the great sensitivity of embryonic
and postnatal development to EDCs when compared with
adults.

* Increased number of studies showing a relationship
between cognitive function and chemical exposures in
humans. These studies however are often weakened by the
nature of the study designs, and more prospective studies
are warranted.

» Increased evidence for wildlife exposures to methylmercury
and of effects on growth and development.

 First evidence of subtle effects of methylmercury and
bisphenol A on reproductive behaviours of wildlife
individuals that may be of relevance to populations.

268 Strength of evidence

There is sufficient evidence to conclude that published estimates
of incidence and prevalence of some childhood neurobehavioural
disorders have increased world wide over the past 10-20 years.
Moreover, there is sufficient evidence to conclude that a number
of factors, including environmental, contribute to the increases
in autism spectrum disorders. There is also sufficient evidence to
conclude that exposure to some industrial chemicals is plausibly
related to the production of neurobehavioural disorders seen in
both wildlife and humans. Exposures to lead, methylmercury,
and PCBs represent strong cases in support of this, among
others. There is sufficient evidence to conclude that PCBs can
exert developmental neurotoxic effects in animals at doses that
are similar to those of humans. More recent rodent studies of
very low exposures to individual PCB congeners clearly make
this point. There is sufficient evidence to conclude that specific
PCB congeners and their metabolites can directly interfere with
biological systems in rodents including thyroid hormone action
and calcium regulation. There are limited data supporting an
endocrine mechanism in the association of neurobehavioural
disorders with some industrial chemicals. This is a challenging
area that needs further focus. There are limited data to show
that developmental exposure of some wildlife species to
environmentally relevant concentrations of some chemicals can
cause effects on brain sexualisation, leading to alterations in
mate choice and courtship behaviours with outcomes that are
relevant to populations. This area is important and needs further
study.
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