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1. Introduction

Autism Spectrum Disorder (ASD) is a group of neuropsychiatric disorders characterized by
impairments of language, social interactions, and movements and involves neurochemical,
morphological, and neuroanatomical changes in specific brain regions including several
cortical regions: the cerebellum, corpus callosum, basal ganglia and the limbic system
(Sajdel-Sulkowska et al., 2010). It affects 1% of the births and its incidence is on the rise.
Although its causation is assumed to have a strong genetic component, most of the known
genetic risks have been associated with copy number variants (CNVs). Even an international
genome-wide scan (AGP; Anney et al., 2010) failed to discover “the critical autism loci”.
Furthermore, ASD concordance for monozygotic twins aged 18 years and younger, is less
than 90 percent (Rosenberg et al., 2009). Thus nongenetic, environmental triggers of ASD
pathology are gaining recognition as likely causal factors although the mechanisms involved
in the environmental impact are not fully understood.

This chapter focuses on the developmental impact of environmental pollutants that interfere
with the thyroid hormone (TH), a key hormone involved in the regulation of brain
development (Oppenheimer and Schwartz, 1997), as a possible factor contributing to autistic
pathology. Many environmental toxicants, such as herbicides, polychlorinated biphenyls
(PCBs), bisphenol A (BPA) and organic mercury compounds are potent disruptors of the
endocrine system including TH. TH plays a critical role in brain development by virtue of
regulating cellular metabolism, growth, differentiation and maturation and is indispensable
for the proper development of the central nervous system (CNS). TH deficiency during CNS
development results in disorders such as cretinism and a spectrum of psychoneurological
disorders including both neurological and cognitive deficiencies (Vermiglio et al., 1995). It
has been suggested that maternal hypothyroxinemia during critical periods may disrupt the
developmental processes and produce morphological brain changes leading to autism
(Roman, 2007). Hypothyroidism during pregnancy has been proposed as one of the twelve
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252 Autism — A Neurodevelopmental Journey from Genes to Behaviour

autism risk factors (King, 2011). Yet studies addressing TH plasma levels, both 3’,3,5-
triiodothyronine (T3) and 3,5,3,5'-tetraiodothyronine (thyroxine,T4), and thyroid
stimulating hormone (TSH) failed to show major abnormalities in autism; thus TH
involvement in autistic pathology has been ruled out. What has been overlooked in
dismissing a TH-autism relationship is the fact that the majority of active TH hormone
(T3) in the brain does not come from circulation, but is converted from the prohormone
(T4) locally in the brain by deiodinase activity through the removal of iodine. Thus, while
plasma TH levels may be within the normal range, its levels in the brain may be
inadequate to support normal developmental processes. In vivo animal studies suggest
that environmental toxicants can affect brain deiodinase activity and are supported by in
vitro studies suggesting a direct inhibition of deiodinase enzymes by environmental
triggers of oxidative stress (Mori et al., 1996; Lamirand et al., 2008). This chapter focuses
on the developmental impact of environmental pollutants that trigger oxidative stress and
disrupt brain homeostasis of TH, a key hormone involved in the regulation of brain
development (Oppenheimer and Schwartz, 1997), as a plausible factor contributing to
autistic pathology.
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Fig. 1. Relative contribution of plasma-originated vs. tissue originated T3 in the CNS and the
peripheral tissues.
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2. Brain TH homeostasis: contribution of circulating vs. locally produced
active forms of TH, T3

THs, both T3 and T4, are produced in the thyroid gland. The ratio of T3 to T4 released into
the blood is 1:20. Both T3 and T4 then reach the individual body organs, where the
prohormone T4 is converted to the biologically active hormone T3. The organ/tissue levels
of T3 are regulated locally primarily by the activity of two different selenoenzymes,
deiodinases type 2 (D2) and type 3 (D3), (Leonard, 1992; Silva et al., 1982; Bianco et al,,
2002), although deiodinase type 1 is also involved (D1; Bates et al., 1999). In the CNS,
approximately 70-80% of T3 originates from intracerebral T4 to T3 conversion, while the
plasma contribution amounts to 20-30 % (Leonard, 1992); Bianco et al., 2002), and D2 is
responsible for most of the T3 supply within the brain (Crantz et al., 1982). Mice with a
globally targeted disruption of the Dio2 gene (D2KO mice) have ~50% less T3 content in
their cerebral cortex, cerebellum, and hypothalamus (Galton et al., 2007). The extent of the
local brain T4 to T3 conversion is in contrast to the peripheral tissues where T3 comes
mostly from plasma. In the brain T3 exerts its major effect by binding to the nuclear TH
receptor (TR), a ligand-regulated transcription factor, and regulates T3-dependent gene
transcription. TR-mediated transcription may be modulated by various substances. The
nuclear hormone receptor superfamily contains more than 40 transcriptional factors and
most of these receptors are present in the brain. (Koibuchi et al., 2003).

Excess T4 and T3 are then converted to inactive metabolites rT3 and 3,3’-diiodothyronine
(T2) by D3. D2 is localized mainly in the glial cells (Guadano-Ferraz et al., 1997), but the
Purkinje cell localization has been observed during specific developmental periods
(Verhoelst et al., 2005). D3 is localized mainly in neurons including the Purkinje cells
(Verhoelst et al.,, 2002). D3 activity increases in hyperthyroidism, and decreases in
hypothyroidism (Dratman et al., 1983) and is thought to protect neurons from excessive T3
levels. D2 and D3 activity balance has been shown to be critical for the regulation of the
intraneuronal level of the active form of T3 (Leonard, 1982; Bianco et al., 2002). Both D2 and
D3 activities have been demonstrated in the human brain (Campos-Barros et al., 1996).
While the majority of brain T3 is derived through the conversion of T4 to T3 by D2 coded by
the Dio2 gene, some T3 is transported from plasma through the blood-brain barrier, a
process mediated in part by the monocarboxylate transporter 8 (Mct8/MCTS8). Using mice
with inactivated Mct8 (Slc16a2) and Dio2 genes it has been shown that T3 from plasma and
intracerebrally generated T3 play a distinct role in the brain and specifically in the
regulation of TH-dependent gene expression. Inactivation of the Mct8 gene (Mct8KO) was
without effect on the expression of 31 of these genes, but Dio2 inactivation selectively
affected the expression of negatively regulated genes (Morte et al., 2010). In our recent
study, thimerosal (TM) exposure resulted in decreased cerebellar D2 activity and
overexpression of genes negatively regulated by TH (Sulkowski et al., accepted).

3. Systemic changes in TH in autism

Several clinical studies, to date, have shown no evidence of TH abnormalities in autism. The
study of a small group of patients between the ages of 7 and 21 years showed no clinical
evidence of hypothyroidism with reported levels of plasma T3, T4, and TSH all within the
normal range (Abbassi et al., 1978). Similarly, a study of a larger population of autistic
children showed normal levels of T3, T4 and TSH (Cohen et al., 1980). On the other hand,
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others reported significantly lower TSH levels in autistic boys as compared to mentally
retarded or control groups (Hashimoto et al., 1991) and marginal changes in diurnal
rhythms of serum TSH (Nir et al., 1995). Thus, while the evidence for the involvement of TH
in autistic pathology is not compelling, there appears to be a tendency for TSH
abnormalities in autism. Based on these findings further research for TH involvement in
autism has been abandoned. However, others have tested the theory of a mild neonatal
hypothyroidism in autism in animal models (Sadamatsu et al., 2006)

4. Altered deiodinase activities and brain TH homeostasis in other
pathologies

Considering that most of the brain T3 is generated by the activity of D2, it is surprising that
no studies of the deiodinase activity in autism have been reported. Interestingly, in
Alzheimer’s disease, where there is also no evidence of systemic TH abnormalities is also
missing, as assessed by serum TH levels (McKhann et al., 1984), there is evidence of
localized intra-brain hypothyroidism. Direct measures of T3 and T4 in the postmortem AD
brains indicated no changes in T4 levels, but significantly lower T3 levels in advanced stages
of the disease (Davis et al., 2008), suggesting decreased conversion of T4 to T3, possibly due
to decreased D2 activity. Furthermore, both the level of rT3 and the rT3:T4 ratio in the
cerebrospinal fluid (CSF) are significantly increased, suggesting an abnormal intracerebellar
TH metabolism most likely due to an increase in D3 activity (Sampaolo et al., 2005). An
increase in the CSF rT3 concentration has been found in other disorders involving the CNS.
The CSF levels of T4 and free rT3 were increased during endogenous depression as
compared to levels after recovery suggesting increased production of rI3 from T4 in the
brain (Kirkegaard and Faber, 1991). These observations lend further support to the concept
of local intra-brain regulation of TH homeostasis and its relevance to various pathological
conditions.

5. Disruption of brain TH homeostasis by environmental toxicants

Considering the absence of systemic TH abnormalities in autism and postulating the impact
of environmental toxicants on brain TH homeostasis, we will examine some of their
neurotoxic properties. Many environmental pollutants, including BPA, PCBs,
organochlorine (dicofol, endosulfan) and organophosphate (Diazinon) pesticides, as well as
metals such as lead, mercury and cadmium (Schantz and Windholm (2001) are considered
to be endocrine disruptors. While most of them have been classified as endocrine disruptors,
some of them, like PCBs (Venkataraman et al., 2007) and PBDE (Messer et al., 2010) and
perchlorates (Brar et al.,, 2010), are also classified as TH disruptors. PCBs and PBDEs
compete with T3 by virtue of having a similar chemical structure (Koibuchi et al, 2003).
Table 1 summarizes the data on environmental toxicants implicated in ASD pathology.

TH plays a critical role in brain development, and thus toxicants that affect TH homeostasis
are most likely to interfere with brain development. It has been proposed that transient
maternal hypothyroxinemia induced by environmental antithyroid agents such as PCBs,
perchlorates, mercury and coal derivatives, could contribute to autistic pathology (Roman,
2009). This hypothesis was based on a leading ecological study in Texas that correlated
higher levels of autism with the environmental release of mercury from industrial sources
(Palmer et al., 2006). A potential association between autism and metal concentrations,
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including mercury, has been reported in the San Francisco Bay area (Windham et al., 2006).
A similar relationship has been postulated between autism and polybrominated diphenyl
esters (PBDEs), potent thyroid hormone mimetics, used in home furnishings and electronics
(Messer et al., 2010). Some of the toxicants interfere directly with TH synthesis and alter
plasma TH levels, others bind plasma to the TH transport protein, transthyretin (TTR),
resulting in a lower rate of T4 transport to the fetal brain (Schroder-van der Elst et al., 1998).
However, others like mercury do not produce changes in the circulating TH (Watanabe et
al., 1999), and yet they disrupt TH actions.

TOXICANT |SOURCE ASSOCIATION |[ENDOCRINE (TH PLASMA TH |(BRAIN |OXIDATIVE
WITH AUTISM |[DISRUPTOR [DISRUPTOR ((T3,T4, TSH) |[T3/T4 |[STRESSIN
D2, D3 |BRAIN
BPA Plastics Brown, 2009 Aydogan et al., 4 TH Zoeller |? Jain et al.,
2008 et al., 2005; no 2011
change:
Nieminen et
al., 2002;
Kobayashi et
al., 2002
DICOFOL |Pesticides Roberts et al., ¥ T4:Vanden |? ?
2007 Bergetal.,
1991
ENDOSUL- |Pesticides Roberts et al., [Schoeters et ? ? Hinkal et al.,
FAN 2007 al., 2008 1995
METHYL- |Industrial Tan et al., 2009; |Sringari et al., No change: (Sulko |Stringari et
MERCURY/ |byproducts/ Windham et al., |2008 Watanabe et  |wski et |al., 2008
ETHYL- Pharmaceutical {2006 al., 1999; al.,
MERCURY |Air, food lower: Tan et |submitt
al., 2009 ed)
PCBs Industrial Roman, 2009; |Venkataraman |Brar et al., 2008|¥ Total and Vendkatara
byproducts, Kimura-Kuroda |et al., 2007 free T4: Morse man et al.,
food et al., 2007 et al., 1996 2007;
Hassoun et
al., 2010
PBDE Flame Messer et al., Messer et al, |TH mimetic: Giordano et
retardants 2010 2010 Messer et al., al., 2008;
2010 Zhang et al.,,
2010
PERCHLOR |Drinking water [Roman et al, Roman, 2009 |Bekkedal et al., |Liuet al., 2008 Liu et al.,
ATES 2009 2004 2008

Table 1. Environmental toxicants associated with autistic pathology.

As discussed above, the major source of the biologically active hormone T3 in the brain is
the local intra-brain conversion of T4 to T3, while a small fraction comes from circulating T3.
Thus it is possible that a direct action on some of the endocrine disruptors on brain
deiodinases affects brain TH homeostasis. Indeed, we have observed the inhibition of the
brain deiodinase D2 following perinatal exposure to TM (Sulkowski et al., accepted).

Most of the toxicants implicated in ASD pathology are also potent triggers of oxidative
stress (Table 1). As evidence derived from in vitro studies suggests, in response to oxidative
stress D3 increases while D2 decreases (Lamirand et al., 2008; Freitas et al., 2010). Thus it is
likely that the effect of many of these toxicants on brain deiodinases is mediated via
mechanisms involving oxidative stress (Sulkowski et al., accepted).
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Many of the toxicants, including heavy metals, (Bokara et al., 2008) and specifically mercury
(Hg; Windham et al., 2006; Palmer et al., 2009), have been identified as factors exerting a
range of harmful neurological and cognitive effects in humans and experimental animals,
and have been implicated in the etiology of a number of neuropsychiatric disorders
including Alzheimer’s disease (Gerhardsson et al., 2008), Parkinson’s disease (Monnet-
Tschudi et al., 2006) and autism (Windham et al., 2006; Palmer et al., 2009). A specifically
strong association has been observed between Hg exposure and autism; we will thus
consider the Hg effect in relation to brain TH homeostasis in greater detail. The major
environmental organic compounds of mercury include methylmercury (Met-Hg) and
ethylmercury (Et-Hg). Met-Hg can be found in contaminated fish; Et-Hg is a metabolite of
TM used in the United States in some maternal flu vaccines and in infant vaccines in the
developing countries (Sulkowski et al., accepted). Hg compounds accumulate significantly
in the pituitary and thyroid glands in both animals (Nishida et al., 1986) and humans (Kosta
et al.,, 1975), and interfere with the hypothalamic-pituitary-thyroid (HTP) axis. Exposure to
Met-Hg can produce hypothyroid conditions (Nishida et al., 1989), although changes in TH
plasma levels based on both animal and human studies are inconsistent (Tan et al., 2009).
Met-Hg has been shown to cross the placenta (Nordenhall et al., 1995) and Hg also enters
the milk (Morgan et al., 2006) and is taken up by suckling pups (Oskarsson et al., 1995). Hg
accumulates in both fetal and neonatal brains (Linares et al., 2004; Orct et al., 2006; Zareba et
al., 2007) potentially affecting neurodevelopment (Orct et al.,, 2006). In rats, postnatal
exposure (P1-P30) results in impairments in motor coordination and learning (Sakamoto et
al., 2004). Perinatal TM exposure in rats results in the impairment of auditory functions and
motor learning (Sulkowski et al., accepted). In humans, Met-Hg exposure in expectant
mothers due to fish consumption is associated with “increased mercury accumulation in the
infant brains accompanied by behavioral abnormalities, which include deficits in motor,
attention, and verbal performance that are more pronounced in males (Gao et al., 2007),
while the postnatal Met-Hg exposure in humans appears to have no recognizable effects
(Debes et al., 2006). Hg compounds in general are potent endocrine disruptors (Heath et al.,
2005;Windham et al., 2006; Palmer et al., 2009; Tan et al., 2009) and are also specifically TH
disruptors (Stingari et al., 2008).

Organic Hg compounds are also potent triggers of oxidative stress. Exposure to Met-Hg or
Et-Hg in vivo or in vitro (Linares et al., 2004; Kaur et al., 2006; Rush et al., 2009; Glaser et al.,
2010; Yin et al., 2011), induces oxidative stress that leads to a cascade of other changes
including decreased neurogenesis, increased neuronal apoptosis and impaired synaptic
plasticity in the neonatal brain. Results of one of our recently completed studies indicate that
perinatal TM exposure increases cerebellar 3-nitrotyrosine (3-NT; Sulkowski et al.,
accepted), a well accepted marker of oxidative stress found in over fifty different
pathologies including autism (Sajdel-Sulkowska, 2010).

Further, Met-Hg is not only a potent trigger of oxidative stress, but also a disruptor of
antioxidant defense systems (Chang and Tsai, 2008; Barcelos et al., 2011). Gestational
exposure to Met-Hg in mice results in increased lipid peroxidation via interference in brain
GSH levels (Stringari et al., 2008), while gestational exposure (G12-G14) in rats to Met-Hg (5
mg/kg) induces oxidative stress and reduces the antioxidant enzyme superoxide dismutase
(SOD) in the hippocampus (Vincente et al., 2004).

Hg compounds have been shown to target tissue deiodinases (Sulkowski et al., accepted).
Our data derived from in vivo experiments in rats, supports results of earlier in vitro studies
(Lamirand et al., 2008). Other in vitro studies indicated that the exposure of neuronal cells to
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Met-Hg (Kim et al., 2005) or neuroblastoma cells to TM (James et al., 2005) results in a
depletion of GSH which is both an antioxidant and a cofactor of deiodinases (Goswani and
Rosenberg, 1988; Bhat et al, 1989; Croteau et al, 1998; Goemann et al., 2010). Thus,
cerebellar D2 activity might be impaired due to a lack of the reducing cofactor. In primary
astrocyte culture, GSH counteracts the impact of oxidative stress, and decreases D3 activity
but increases D2 activity (Lamirannd et al., 2008). It is of interest that T3 regulates GSH
levels in the developing brain and treatment of astrocyte cultures with TH results in
increased GSH levels and improved antioxidative defense, suggesting that TH plays a
positive role in maintaining GSH homeostasis and protecting the brain from oxidative stress
(Dasgupta et al., 2007). Thus is it is also possible that a decrease in D2 activity could further
amplify the effects of oxidative stress.

As discussed above, tissue levels of T3 are regulated by D2 and D3, which are
selenoproteins and are consequently sensitive to selenium availability. Selenium is not only
a cofactor of deiodinases but also a potent antioxidant. Thus, environmental contaminants
that sequester selenium or induce oxidative stress are likely to affect deiodinase activity.
Met-Hg has been shown to interact with selenium (Soldin et al., 2008) and can inhibit the
function of selenoproteins such as the deiodinases (Watanabe et al., 2001). We have also
shown that TM exposure increases levels of oxidative stress (Sulkowski et al., accepted),
which has been found previously to decrease expression of the Dio2 gene (Lamirannd et al.,
2008).

6. Sexually dimorphic responses to environmental endocrine disruptors and
sex ratio in autism

When discussing the impact of environmental factors on CNS, it is critical to recognize the
sexual dimorphism of their effects (Nguon et al., 2005a). Sex-dependent responses to a
number of environmental pollutants including organophosphate pesticides (Dam et al.,
2000), have been previously reported. Our earlier studies on the perinatal exposure to PCBs
in rats demonstrated sex-dependent effects on cerebellar and motor functions with males
being more sensitive (Nguon et al.,, 2005b). Even at low concentrations, different PCB
congeners interfere with TH status in a sex-dependent manner (Abdelouahab et al., 2008).
Our recently completed study on the perinatal exposure to TM revealed not only sex- but
also strain-dependent effects on motor learning and cerebellar oxidative stress and D2
activity (Sulkowski et al., accepted). Specifically, in the Spontaneously Hypertensive Rats
(SHR), a strain more sensitive to inflammation (Ballerio et al., 2007), perinatal exposure to
TM resulted in decreased cerebellar D2 activity in male, but not in female neonates, and this
decrease was correlated with a disruption of T3-dependent gene expression (Sulkowski et
al, accepted). Our findings are in agreement with earlier observations both in humans (Gao
et al., 2007) and in animals (Sobutskii et al., 2007) showing that the developing males appear
to be more sensitive to Hg exposure. Furthermore, gene profiling studies in the rat
cerebellum following perinatal exposure to a number of toxicants including PCBs, pesticides
and methylmercury, showed differential sex-dependent effects of on gene expression (Padhi
et al., 2008). Although the precise mechanism involved in this dimorphism is not known, in
the cerebellum, developmentally-timed progesterone synthesis in the Purkinje cells
(Sakamoto et al., 2003), differential regulation of progesterone-receptors by estradiol
(Quadros et al., 2002; Guerra-Araiza et al.,, 2002), and the formation of estradiol from
testosterone in the Purkinje cells (Sakamoto et al., 2003), have been implicated in these
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differential effects. It is thus interesting that the Purkinje cells express D2 at specific times
during development (Verhoelst et al.,, 2005). Therefore it is possible that environmental
toxicants interfere with TH homeostasis by acting on the Purkinje cells.

7. Could localized, intra-brain TH deficiency contribute to the pathology of
ASD and present new venues for the diagnosis and treatment of autism

It is clear from the preceding discussion that there are no systemic TH changes in autism,
that some environmental factors disrupt TH regulation without any effect on systemic TH
status, and that it is the local intra-brain T4 to T3 conversion rather than circulating T3 levels
that are responsible for the majority of brain T3.

Furthermore, the T3 generated locally in the brain by D2 controls the expression of genes
negatively regulated by TH, while plasma T3 controls the expression of the positively
regulated genes (Morte et al., 2010). Thus, systemic hypothyroidism that is known to
interfere with normal brain development may regulate the expression of genes distinct from
those that are regulated by the locally generated T3, and is thus likely to result in a different
set of morphological and functional abnormalities. Animal studies have indicated that in
the developing rat cerebellum, systemic TH deficiency affects cerebellar granule cell
migration. Also, Purkinje cell migration requires reelin (Miyata et al., 2010). Reelin is one of
the genes whose abnormal expression is implicated in autism (Fatemi et al., 2005) and is also
regulated by T3 produced locally in the fetal brain from T4 by deiodinase activity mostly in
astrocytes but also in Purkinje cells (Verhoelst et al., 2005). It is possible that the aberrant
Purkinje cell migration in ASD contributes to the decrease in Purkinje cells in ASD
(Courchesne, 1991). Furthermore, in ASD, the lower intra-brain T3 levels occur in the
absence of a systemic T3 deficiency (Davis et al., 2008), most likely due to the increased
activity of D3 (Sampaolo et al., 2005). Similar studies involving postmortem ASD brains are
now being initiated in our laboratory.

Although none of the studies so far provide direct evidence for the disruption of brain TH
metabolism in autism, there is a sufficient amount of indirect data to warrant pursuing the
hypothesis that environmentally induced oxidative stress and local brain hypothyroidism
contributes to ASD pathology.

According to this hypothesis, brain region-specific oxidative stress in autism may be
associated with increased D3 and decreased D2 activity resulting in a region-specific T3
deficiency in the brain. Future human studies utilizing the CSF of living ASD individuals or
postmortem brain tissue of ASD donors will support its validity. Such findings would have
several significant implications. They may result in methods of early ASD diagnosis;
detection of high brain D3 levels in postmortem human brains may suggest the benefits of
measuring the levels of its product (rT3) in the CSF of living patients to assess the risks,
monitor the disease progression and efficacy of ongoing treatment. Furthermore, several
tissue-specific and TH receptor (TR)-specific thyromimetics have been developed as
potential treatment for atherosclerosis, obesity and Type 2 diabetes and might be able to
correct local brain TH deficiency without systemic thyrotoxicity (Baxter and Webb, 2009)
and may thus be considered as potential therapeutic agents. Finally, confirmation that
autism may be associated with increased D3 and decreased D2 activity resulting in a region-
specific T3 deficiency in the brain could lead to or reinforce dietary treatments, because D2
activity can be modulated not only by selenium but also by xenobiotic compounds (da-Silva
et al., 2007). In conclusion, TH abnormalities in autism warrant a second look.
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