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Abstract: In recent years concern has risen about the increasing prevalence of Autism
Spectrum Disorders (ASD). Accumulating evidence shows that exposure to neurotoxic
compounds is related to ASD. Neurotransmitters might play a key role, as research has
indicated a connection between neurotoxic compounds, neurotransmitters and ASD. In the
current review a literature overview with respect to neurotoxic exposure and the effects on
neurotransmitter systems is presented. The aim was to identify mechanisms and related
factors which together might result in ASD. The literature reported in the current review
supports the hypothesis that exposure to neurotoxic compounds can lead to alterations in
the GABAergic, glutamatergic, serotonergic and dopaminergic system which have been
related to ASD in previous work. However, in several studies findings were reported that
are not supportive of this hypothesis. Other factors also might be related, possibly altering
the mechanisms at work, such as time and length of exposure as well as dose of the
compound. Future research should focus on identifying the pathway through which these
factors interact with exposure to neurotoxic compounds making use of human studies.
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Abbreviations

5-HT Serotonin

ASD Autism Spectrum Disorders

DA Dopamine

DAT Dopamine transporter

DBP Dibutyl phthalate

DCHP Dicyclohexyl phthalate

DEHP Di(2-ethylhexyl) phthalate

GABA y-minobutyric acid

GD Gestational day

Glu Glutamate

HPLC High-Performance Liquid Chromatography
1Q Intelligence Quotient

PCB Polychlorinated biphenyl

PET Positron emission tomography

PND Postnatal day

PtCB 3.,4,5,3",4'-Pentachlorobiphenyl

SSRI Selective serotonin reuptake inhibitor
TCB 3.,4,3'.4'-Tetrachlorobiphenyl

1. Introduction

In recent years concern has risen about the increasing prevalence of developmental disorders.
A striking example is Autism Spectrum Disorders (ASD). ASD is a generic term for a group of
neurodevelopmental disorders primarily diagnosed in childhood. The disorders are characterized by
impaired social interaction, communication and repetitive behavior.

In the past decades, the prevalence of ASD has shown rapid growth. From 2007 to 2011-2012, the
incidence of ASD rose from 1.16% to 2.00% in the United States of America [1]. This rapid increase is
observed not only in the United States of America, but in other parts of the globe as well. In the United
Kingdom, the prevalence of ASD has risen from 4.4 per 10,000 between 1966 and 1991 to 12.7 per
10,000 between 1992 and 2001 [2], with a current estimate as high as 157 per 10,000 [3]. An increase
in prevalence has also been found in Sweden [4]. Hence, the increasing prevalence of ASD appears to
be a worldwide phenomenon.

Although the increase might reflect a genuine rise in the prevalence of ASD, some researchers
claim that the rise can be attributed to increased awareness of the disorders, while others assert that
changed diagnostic tools and a broadening of the diagnostic criteria are accountable. Nevertheless, an
increasing number of authors believe that these explanations are not sufficient to explain the rapid
increase of ASD [5].

The increased prevalence demands a closer look at the etiology of ASD, which remains to be
elucidated. Evidence implicates that genetic factors are involved. For example, the prevalence rate of
ASD under boys is approximately four times higher than under girls [6]. In addition, Hallmayer et al.
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found an ASD concordance of 77% among male monozygotic twins, while concordance was 31%
among male dizygotic twins. For females, concordance was 50% in monozygotic twins and 36% in
dizygotic twins [7]. Moreover, ASD has regularly been linked to genetic malfunctioning in the past, such
as copy number variations [8] and genes encoding molecules that regulate cell-adhesion [6]. In a recent
review by Xu et al. [9], more than 434 high-confidence genes were related to the development of ASD.

Most authors nowadays agree that both genetic and environmental factors play a role in the
development of ASD. For example, high concordance of ASD among boys and girls cannot be
explained by genetic heritability alone; shared environmental factors explain a large proportion of the
variance in liability [7]. In addition, complex disorders such as ASD present themselves in different
ways, i.e., a heterogeneous pattern of symptoms can be seen within the same disorder [10]. Moreover,
the rapid increase in the prevalence of ASD as seen in the past decades cannot be explained by genetic
influences alone. A significant contribution from environmental influences provides a plausible
explanation [11]. It is hypothesized that heritable factors might contribute to susceptibility for ASD,
creating sensitivity of the developing brain to adverse effects of environmental factors [12].

In recent years, special attention has been given to the influence of exposure to neurotoxic
compounds. Neurotoxic compounds are natural or artificial substances that influence the functioning of
the nervous system. Many products used on a daily basis contain compounds that are suspected
of having properties that affect neurodevelopment [13]. For example, phthalate esters such as
di(2-ethylhexyl) phthalate (DEHP), dicyclohexyl phthalate (DCHP) and dibutyl phthalate (DBP) are
used as plasticizers in the production of electronics, packaging and children’s toys. Organochlorines
such as endosulfan, DDT and dieldrin are used as pesticides, while organophosphates such as
chlorpyrifos, diazinon, parathion and dichlorvos are used as insecticides for agricultural purposes.
Hence, human exposure to neurotoxic compounds is widespread and moreover, has generally
increased from the 1980s to 2000s [10]. As human health might be influenced by neurotoxic
compounds, it is crucial to investigate the effects of these compounds.

Over the last decades, accumulating evidence has shown that exposure to neurotoxic compounds is
related to deviant neurodevelopment. Exposure to polychlorinated biphenyls (PCBs) can cause
neurodevelopmental disorders, as well as subclinical brain dysfunction [13]. More specifically,
non-dioxin-like PCBs alter Ca®*-dependent signalling pathways related to ASD [10]. Acute exposure
to the non-dioxin-like PCB95 stimulates a bursting type of Ca**-activity which has been observed in
neurons expressing mutations in genes that have been related to ASD susceptibility [14]. Remarkably,
in recent years the use of acetaminophen in children has been related to an increased risk of developing
autism. For example, in a parent survey the use of acetaminophen after measles-mumps-rubella
vaccination was related to autistic behaviour in children up to 5 years of age [15]. Moreover, exposure
to acetaminophen has been found to alter social behaviour in mice [16]. Schultz et al. [17] hypothesize
that acetaminophen might activate the endocannabinoid system which during development can have
neuromodulatory consequences, possibly triggering autism. Indeed, cannabinoid receptor type 2, but
not type 1, has found to be upregulated in blood cells of children affected by ASD [18].

In addition, prenatal exposure to organophosphates has been related to a significant reduction in
childhood 1Q [19,20]. In a cohort study, children who were exposed prenatally to the organophosphate
pesticide chlorpyrifos showed a decline in cognitive scores during preschool years [21]. Children
exposed to higher levels of chlorpyrifos were more likely to score within the clinical range of the
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scales Attention Problems, Attention Deficit Hyperactivity Disorder and Pervasive Development
Disorders of the Child Behavior Checklist than children exposed to lower levels. In addition, both
prenatal and postnatal exposure to organophosphates has been linked to a higher risk of developing a
Pervasive Development Disorder [22]. In a review, De Cock et al. [23] reported positive associations
between ASD and perinatal exposure to several neurotoxic compounds, including organochlorine and
organophosphate pesticides and phthalates. In particular, Roberts et al. [24] reported that during the
gestational period, living near sites where pesticides are being used for agricultural purposes increases
the risk of the foetus to develop ASD by six times (odds ratio of 6.1).

As certain neurotoxic compounds can pass placental barriers, exposure can start as early as the
prenatal period. During this period the embryo and fetus are continuously subjected to rapid cell
division, cell differentiation [25] and organogenesis. Within the first nine months of life, the human
brain develops from a strip of cells into a complex organ comprising billions of specialised cells that
are highly interconnected and located with precision [13]. Hence, exposure to neurotoxic compounds
might be particularly harmful for neurodevelopment during this stage. However, human brain
development continues postnatally. Glial cell growth and axon myelination proceed for years and
synaptic modelling extends through childhood and adolescence [13,26], prolonging the period of
heightened vulnerability to neurotoxic compounds.

The question remains through which mechanisms neurotoxic compounds cause ASD. The field of
neurotoxicology regards that neurotoxic compounds disturb neurological functions by interference
with the function or structure of neural pathways, systems and circuits [27]. Interference with
neurotransmitter functioning might play a key role, as research has shown a connection between, on
the one hand, neurotoxic compounds and altered neurotransmitters functioning, and, on the other hand,
altered neurotransmitter functioning and the occurrence of ASD. For example, Fatemi et al. report that
several neurotransmitters, such as vy-aminobutyric acid (GABA), glutamate (Glu) serotonin
(5-HT) and dopamine (DA) are related to deficits in autism, a type of ASD [28]. Both levels and
associated proteins, such as receptors and transporters of the neurotransmitters are associated with the
disorder. In the following section, these individual neurotransmitters will be discussed in light of their
relation to ASD.

GABA: In a study by Harada et al. [29], low levels of GABA were observed in the left frontal lobe of
subjects suffering from autism when compared with controls. Anomalies on chromosome 15 have been
associated with the development of ASD and deficiencies in GABAAa receptors. In addition, genes
GABRB1, GABRB3, GABRA4, GABRA5 and GABRG3 encoding GABAA receptors have been
associated with ASD with high confidence (as reviewed by [9]). In a case study, Hogart et al. [30] found
that two subjects diagnosed with ASD showed dysregulation of GABAA receptor subunit genes
GABRB3, GABRAS5, and GABRG3 located on chromosome 15q11-13. Anomalies in this cluster are
likely to negatively influence the maturation of local circuits which are implied in information
processing and complex cognitive behavior [31]. Also, in a postmortem study by Blatt [32], GABAA and
GABAg receptor expression was significantly decreased in the cerebellum. Fatemi et al. [33] reported
that subjects suffering from ASD present decreased levels of GABBRL in the brain and that GABAergic
dysfunction is widespread in ASD cerebella. The authors suggest that altered gene expression of genes
related to GABA might be related to cognitive impairments associated with the disorder.
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GLUTAMATE: In a review by Xu et al. [9], ASD was related to genes GRIK2, GRIN3B and GRIAS3,
encoding Glu receptors. In addition, anomalies in regions on chromosomes six and seven, encoding Glu
receptors, have been related to ASD [34,35]. GADL, encoding glutamic acid decarboxylase which
converts Glu into GABA, has also been associated with ASD. Moreover, decreased levels of glutamic
acid decarboxylase have been observed in subjects diagnosed with autism [36,37] although this was not
confirmed by a study of Shinohe [38]. Finally, increased Glu levels have been reported in blood
plasma and serum of subjects with ASD [38,39]. Abnormalities in the glutamatergic system might
therefore be implied in ASD. Indeed, epileptic seizures which have been related to excitatory Glu and
decreased GABA, are common in ASD [40].

SEROTONIN: The association between 5-HT and ASD is intriguing. Multiple, often rare alleles at the
5-HT transporter locus have been related to an increased risk of developing ASD [41]. Genes SL6a4 and
ASMT encoding a 5-HT transporter and the enzyme acetylserotonin O-methyltransferase have also been
related to the disorder (as reviewed by [9]). Hyperserotonemia, increased 5-HT levels, is a phenomenon
commonly observed among subjects with ASD, reported in about 25% of the subjects [42]. However,
selective serotonin reuptake inhibitors (SSRIs) such as fluoxetine, fluvoxamine and venlaxafine are
prescribed in subjects with a form of ASD and show positive effects on stereotyped and repetitive
behavior, interests, social deficits and communication problems [43]. Nevertheless, SSRIs seem to be
less efficacious and are more poorly tolerated by children suffering from ASD than by adults with the
same diagnosis [44]. In addition, positive effects of SSRIs on social relatedness have not been found in
placebo-controlled studies [45]. Moreover, in recent studies the use of SSRIs by pregnant women has
also been associated with an elevated risk of developing ASD in their children [46]. Although
confounding by indication might play a role, it could be hypothesized that prenatal exposure to SSRIs
leads to disturbed 5-HT levels later in life. These findings have led to an increased interest in the role
of the serotonergic system in the etiology of ASD [47].

DOPAMINE: There is evidence that anomalies in the dopaminergic system are related to deficits as
observed in subjects diagnosed with ASD [48]. Increased dopamine transporter (DAT) levels have
been found in the orbitofrontal cortex in subjects with high functioning autism, using positron
emission tomography (PET) [49]. Subjects with ASD also present elevated levels of homovanillic acid
in urine, a dopamine metabolite [50], which might be indicative of increased DA turnover. In addition,
genes DRD3, DRD4 and DBH have been related to ASD, encoding DA receptors and the enzyme
dopamine beta-hydroxylase, which converts DA to norepinephrine.

The dopaminergic system has been related to executive functioning, such as analyzing, planning
and prioritizing [51]. Children with ASD show deficits in this area compared to children developing
normally, as illustrated by a study of Happé et al. [52]. A group of children with and without ASD was
matched by age and IQ and subsequently compared on a battery of tasks associated with executive
functioning, including response/selection, planning/working memory and flexibility. Children with
ASD scored lower on most of the tasks, even though a significant difference was only found on the
scale response/selection.

In addition, the dopaminergic system has been related to motor activity, social behavior, attentional
skills and perception, while abnormal development in these three areas have all been associated with
ASD as well [51,53]. Medications prescribed to subjects with ASD include haloperidol and risperidone,
which are antipsychotic medications acting as DA antagonists. In a study by McCracken and
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colleagues [48], treatment with risperidone was associated with improvements in stereotypic behavior,
irritability and hyperactivity. In addition, some SSRIs targeting both 5-HT and DA receptors might
have clinical benefits [54]. Hence, although there are no indications that DA levels are increased
respectively decreased in subjects diagnosed with ASD, administration of DA antagonists may have
beneficial effects.

As presented above, GABA, Glu, 5-HT and DA seem to be implicated in the pathology of ASD.
In addition, ample literature is available on the effects of neurotoxic compounds on the functioning of
neurotransmitters. Organophosphates are well-known to inhibit the enzyme acetylcholinesterase,
which results in accumulation of acetylcholine in the synapses and an excessive stimulation of
cholinergic neurons [55]. Disruption in acetylcholine neurotransmission after exposure to
organophosphates might lead to alterations of other neurotransmitter systems as well [56]. In addition,
exposure to organochlorine pesticides has been related to inhibition of GABAA receptors [57]. The
organochlorine endosulfan prevents binding of GABA to its receptor site, leading to uncontrolled
neuron excitation [58]. Exposure to PCBs has been related to both increased and decreased DA levels
and inhibits DAT [59-62]. Also, Yang et al. [63] found that exposure to the phthalate DEHP
modulates the function of GABAA receptors. Moreover, in utero and neonatal exposure to low levels
of DEHP might result in changes in dopaminergic nuclei in mice [64].

In the literature, exposure to organochlorines, organophosphates and phthalates has been related to
the development of ASD [23]. In addition, the neurotransmitters GABA, Glu, DA and 5-HT have been
related to neurotoxic exposure and ASD. Hence, the effect of neurotoxic compounds on the
functioning of neurotransmitters might play a key role in the development of ASD and will be the
focus of this review. However, although much has been published about the relationship between
neurotoxic compounds and neurotransmitters associated with ASD, it is not clear through which
mechanisms neurotoxic compounds influence neurotransmitters. As an important step towards
unravelling this interaction, we will provide an overview of the literature available about exposure to
the neurotoxic classes organochlorines, organophosphates and phthalates and the neurotransmitters
GABA, Glu, DA and 5-HT, related to ASD. The aim is to find possible mechanisms and related factors,
explaining how exposure to neurotoxic compounds can lead to ASD via neurotransmitter anomalies.

2. Experimental Section

A literature search was performed using specific keywords in PubMed. Two types of keywords
were combined to find publications, respectively terms related to exposure to neurotoxic substances
and terms referring to the selected neurotransmitters. To describe exposure to neurotoxic compounds,
the following keywords were introduced in PubMed: organochlorine(s), organochlorine pesticide(s),
organophosphate(s), organophosphate pesticide(s), organophosphate insecticide(s), phthalate(s). With
respect to neurotransmitters, the following keywords were introduced: GABA, y-aminobutyric acid,
glutamate, dopamine, serotonin. Publications written in English from the last ten years were included
(from April 2003 to April 2013) in which a quantification method was used to value the results. A total
of 410 publications was retrieved. Despite a careful and thorough literature search and selection, it is
possible that not all related literature has been included in the overview. Selection took place by
investigating titles, abstracts and the publications themselves. Only outcomes and results relevant to
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the scope of the current review were included. Direct effects on the selected neurotransmitters have
been included in the review, such as effects on neurotransmitter levels, uptake, release and gene
expression of receptors and transporters involved. Seven publications were excluded because values of
significance were not clear. After selection, a number of 62 publications was included in the current
review.

3. Results and Discussion
3.1. Results

Table 1 presents all neurotoxic compounds that have been included in the current review. Tables S1-S3
present a literature overview of the effects of exposure to respectively organochlorines, organophosphates
and phthalates on GABA, Glu, DA and 5-HT.

Table 1. Neurotoxic compounds, classified.

Class Compound
Organochlorines Dichlorodiphenyldichloroethane (DDD)
Dichlorodiphenyldichloroethylene (DDE)
Dichlorodiphenyltrichloroethane (DDT)
Dicofol
Dieldrin
Endosulfan
Endosulfan sulfate
Lindane
Methoxychlor
Polychlorinated Biphenyls (PCBs; congeners): PCB25, PCB52, PCB77,
PCB91, PCB95, PCB101, PCB103, PCB126, PCB138, PCB180, PtCB,
TCB, ortho-TCB
Polychlorinated Biphenyls (PCBs; mixtures): Aroclor (A)1016, A1221,
Al242, A1248, A1254, A1260
Trichloroethylene (TCE)
Organophosphates Chlorpyrifos
Diazinon
Dichlorvos
Methamidophos
Methyl parathion
Monocrotophos
Paraoxon
Phthalates Dibutyl phthalate (DCHP)
Di(2-ethylhexyl) phthalate (DEHP)
Dibutyl phthalate (DBP)
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Complete information is presented with respect to exposure assessment, analysis and outcome
measurements. Experimental groups were exposed to most neurotoxic compounds by means of
microdialysis, (culture) medium or dissolution in oily food. Within each table, literature is presented in
the following order: GABA, Glu, DA, 5-HT. If several neurotransmitter systems are investigated
within the same publication, the source is listed in the overview of the neurotransmitter that is most
prominent in the publication or, if all are equal, that is first in line in the current overview.

3.1.1. Organochlorines

Table S1 presents an overview of the effects of exposure to organochlorines on GABA, Glu, DA
and 5-HT. Although various methods have been used, some general findings can be reported regarding
the effect of exposure to organochlorines on neurotransmitter systems. Most of the studies reported
elevated GABA levels after exposure to organochlorines, such as PCB52, dieldrin and methoxychlor.
However, Cabaleiro et al. [65] reported increased GABA levels in the prefrontal cortex of male
Sprague-Dawley rats at postnatal day 30 (PND30) and decreased GABA levels at PND60 after
exposure to 6.12 mg/kg/day of endosulfan. With respect to gene expression, Dickerson et al. [66]
reported an upregulation of gene expression of GABAg receptor 1 in female Sprague-Dawley rats after
exposure to 1 mg/kg of Aroclor1221 or 1 mg/kg of a PCB mixture (PCB138, PCB153, PCB180). This
finding was not observed in male rats. Male Sprague-Dawley rats presented a significant downregulation
of gene expression of GABAg receptor 1 after exposure to the PCB mixture, while the expression of
the GABAg receptor 2 was upregulated after exposure to the same compound.

With respect to Glu, exposure to 25 mg/kg of methoxychlor for 30 days increased striatal Glu levels
in adult male Sprague-Dawley rats [67]. The findings of Cabaleiro et al. regarding exposure to
endosulfan and GABA levels were similar to those reported with respect to Glu levels in the prefrontal
cortex. After an exposure of 6.12 mg/kg/day of endosulfan Glu levels increased at PND15 and PND30,
but no effect was found at PND60 [65]. Exposure to Aroclorl254 was related to decreased hippocampal
Glu levels and Glu uptake in astroglial fractions of glial plasmalemmal vesicles, while both an increase
and decrease in synaptosomal Glu uptake were reported [68—70]. Also, after exposure to 1 mg/kg/day
of PCB52 from gestational day 7 (GD7) to PND21, Boix et al. reported increased Glu levels in male
Wistar rats, while the same author has reported decreased Glu levels in a more recent study using the
same treatment group, dose and length of exposure [71,72]. However, different techniques were used
for the analysis of the data, respectively microdialysis and High-Performance Liquid Chromatography
(HPLC). Finally, exposure of Sprague-Dawley rats to 1 mg/kg of a mixture of PCB138, PCB153 and
PCB180 was related to downregulation of Glu receptors gria2 and grin2a in male rats, while Glu
receptor grin2c was upregulated in female rats [66].

A total of 20 studies was selected with respect to the effects of organochlorines on the DA system,
including level, uptake, release, turnover and gene expression. In an in vitro study by Dreiem et al. [61],
Long-Evans rat striatal synaptosomes were exposed to a dose of 10, 20 or 40 uM of a mixture of
Aroclors 1242, 1248, 1254 and 1260 on PND7, 14 or 21. Exposure to the mixture reduced DA level in
the synapses, although elevated extraneuronal (medium) DA levels were reported. These findings were
consistent with an in vitro study by Lyng et al. [62], in which co-cultures of the ventral mesencephalon,
striatum and tissue culture medium of fetal Sprague-Dawley rats were exposed to the same mixture of
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Aroclors, with a dose of 2 uM or 8 uM for 1, 3, 7 or 14 days. Again, exposure to the mixture was
related to increased extraneuronal (medium) DA levels, while decreased DA levels in co-cultures of
the striatum and ventral mesencephalon were reported, which were accompanied by a reduction of DA
neurons and DAT proteins. In addition, Caudle et al. [73] reported reduced DAT levels and DA
binding after exposure of adult C57BL/6J mice to a mixture of 7.5 or 15 mg/kg/day of Aroclors 1254
and 1260 for 3,7,14 or 30 days. These effects were reported after 14 and 30 days of exposure.

With respect to PCBs, delayed effects on DA were observed after exposure as well. Honma et al. [74]
reported an initial increase of DA levels in the whole brain of one week old Sprague-Dawley rats after
exposure to 16 mg/kg/day of PCB153 from GD10 to GD16, which was followed by a decrease in DA
turnover in rats that were nine weeks of age. Although the results were not significant, the authors
report that the initial increase of DA levels was followed by a decrease in DA concentration,
metabolism and turnover, which were associated with a lower activity of DA neurons. This finding
was not consistent with a study by Boix et al. [72], who reported elevated extracellular DA levels in
Wistar rats of four months old, after exposure to 1 mg/kg/day of PCB180 from GD7 to PND21.

With regard to 5-HT, Lafuente et al. [75] reported that a dose of methoxychlor of 25 mg/kg/day for
one month was related to increased 5-HT levels in the anterior hypothalamus (p < 0.05) and a decrease
in 5-HT turnover in male Sprague-Dawley. However, exposure to methoxychlor reduced 5-HT levels
in the posterior hypothalamus (p < 0.05). No effects on 5-HT were found in a second study by the
same authors, investigating effects of methoxychlor exposure in the striatum, using the same population,
dose, length of exposure and analysis techniques [67].

No effects on gene expression of 5-HT receptor HT1A were reported after exposure to a mixture of
PCBs 28, 52, 101, 138, 153 and 180 [76]. In a study by Honma et al. [74], Sprague-Dawley rats were
exposed to 16 or 64 mg/kg of PCB153 from GD10 to GD16. As rat brain size was too small at
postnatal week one to separate brain regions, whole brain 5-HT levels were observed at this time point.
The authors reported an increase in whole brain 5-HT levels after exposure to 64 mg/kg/day in one
week old rats, followed by a decrease in 5-HT turnover in the hindbrain when rats were nine weeks
old. These findings are similar to results from a study in male Sprague-Dawley rats in which 5-HT
levels were elevated at PND30 and 60 after exposure to 6.12 mg/kg/day of endosulfan from GD7 until
PND21. The increase of 5-HT levels at PND60 was accompanied by decreased 5-HT turnover [65].

3.1.2. Organophosphates

Table S2 presents an overview of the effects of exposure to organophosphates on GABA, Glu, DA
and 5-HT.

Out of four studies that were included on the effects of exposure to paraoxon on GABA uptake,
three reported a significant reduction. Pourabdolhossein et al. [77] reported a significant decrease in
GABA uptake after exposure of male Wistar rat synaptosomes to 0.1 or 1 uM of paraoxon for ten
minutes. These results were confirmed by a study by Mohammadi et al. [78], reporting a significant
decrease of GABA uptake by synaptosomes derived from the hippocampus and cortex of adult
male Wistar rats after exposure to 0.1, 0.3 and 0.7 mg/kg of paraoxon. However, an increase in
synaptosomal GABA uptake was reported after exposure of synaptosomes from male Wistar rats to
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lower concentrations (10°~107° M) of paraoxon for 20 min while GABA uptake was decreased after
exposure to higher concentrations (10°-10" M).

In a study by Noriega-Ortega et al. [79], 2.6 mg/kg of methamidophos was administered to male
BALB/c mice every three days, until the mice were three, six or nine months old. Exposure to
methamidophos was related to a decrease of GABA release in the cerebral cortex after three months,
while an increase of GABA release in the same brain area was observed after nine months.
The authors associated the decrease of GABA release with convulsive seizures that mice presented
after neurotoxic exposure.

With regard to Glu, effects of chlorpyrifos exposure on Glu levels were investigated in two studies. In
a study by Montes de Oca et al. [80] adult male Lister Hooded rats were exposed to a single dose of
250 mg/kg of chlorpyrifos. Analyses were executed 15 months after exposure, showing decreased Glu
levels in the striatum. Contrarily, Rush et al. [81] reported elevated extracellular Glu levels in cortical
cell cultures from Swiss Webster mice after exposure to 100 uM of chlorpyrifos for six hours. However,
besides a different dose and length of exposure, different techniques were used for the analysis.

Nine studies investigating the effects of chlorpyrifos on the dopaminergic system have been
included in the current review. None of the studies reported significantly elevated neurotransmitter
levels after exposure to the neurotoxicant, despite the use of various doses and techniques for analysis,
and the different moments and lengths of exposure to the neurotoxicant used in the various studies.
After chlorpyrifos exposure, decreased DA levels were reported in the hippocampus, cerebral cortex
and striatum in animal studies [82-87]. These findings were consistent with results from a study
investigating cell cultures of PC12 cells [88]. In several studies, a decrease in DA levels was
accompanied by an increase in DA turnover [82,84,86].

The reported decreased DA levels after chlorpyrifos exposure are consistent with studies on
dichlorvos. Binukumar et al. [89] exposed male Wistar rats to 2.5 mg/kg/day of dichlorvos for
12 weeks. Analyses of DA levels were carried out in the substantia nigra and corpus striatum using
HPLC. A significant decrease in DA levels in the substantia nigra and corpus striatum was reported.
A more recent study by the same authors, also using male Wistar rats and the same dose, length of
exposure and analysis techniques, has shown similar results [90].

Regarding 5-HT, two studies reported decreased neurotransmitter levels after chlorpyrifos. In a
study by Eddins et al. [84], zebrafish were exposed to 0.29 uM of chlorpyrifos from two hours to five
days postfertilization. A significant decrease of 5-HT levels was found in six day old zebrafish, using
HPLC. In addition, Slotkin et al. [91] reported reduced 5-HT levels after exposure to 5 mg/kg/day of
chlorpyrifos administered from PND11 to 14, in Sprague-Dawley rats. The decrease in 5-HT levels on
PND21 in the brainstem was accompanied by an increase in 5-HT turnover. In contrast, the same
authors [92] report a main exposure effect (increasing) of chlorpyrifos on 5-HT levels in the striatum
in Sprague-Dawley rats who had been exposed to 1 or 5 mg/kg/day of chlorpyrifos during GD9 to
GD12, or GD17 to GD20.

In a different study, sea urchins were exposed to 0.01, 0.10 or 1.00 mg/L of monocrotophos during
the first 12, 15, 18, 24 or 30 h postfertilization [93]. An initial increase in gene expression of the
5-HT transporter was observed at the 24 and 30 h postfertilization stages, followed by a decrease at the
36 and 48 h postfertilization stages.
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3.1.3. Phthalates

In Table S3, an overview is presented of the effects of exposure to phthalates on GABA, Glu, DA
and 5-HT. In several studies, authors made use of ratios to quantify the results. Results with a ratio
higher than 1.50 or lower than 0.50 (i.e., more than 50% change) are reported in Table S2. With regard
to neurotransmitter levels, only literature investigating GABA levels was available. In a study by
Carbone et al. [94], Wistar rats were exposed to 3 or 30 mg/kg/day of DEHP, from GD1 to weaning.
Animals were sacrificed at PND15, when analyses were carried out using HPLC. A significant
decrease in GABA levels was found in male rats after exposure to 30 mg/kg/day of DEHP, while
female rats presented an increase in GABA levels. In a second study by Carbone [95], the same
methods were used, only this time, rats were exposed for 30 days: an increase in GABA levels in male
rats was reported.

The remaining studies focused on the effects of phthalates on gene expression of proteins related to
the selected neurotransmitters. The findings of these studies are diverse, showing upregulation and
downregulation of related receptors.

3.2. Discussion

The objective of this review was to investigate the evidence for the hypothesis that organochlorines,
organophosphates and phthalates influence the functioning of GABA, Glu, DA and 5-HT, possibly
causing ASD. Hence, literature on the effects of exposure to the selected neurotoxic compounds on the
neurotransmitters has been presented. In this section we will interpret these findings and propose
possible mechanisms of action and related factors.

3.2.1. GABA

In literature, ASD has been associated with decreased GABA levels [29]. In the current review
reduced GABA levels were reported after exposure of male Sprague-Dawley rats to 0.61 or
6.12 mg/kg/day of the organochlorine endosulfan during the same period (GD1-PND21). The
reduction in GABA levels was observed with a delay, as decreased GABA levels were reported at
PND60, 39 days after endosulfan exposure had ended. In addition, decreased GABA levels were
observed after exposure of adult male Lister hooded rats to a single dose of 250 mg/kg of the
organophosphate chlorpyrifos Furthermore, in a study by Noriega-Ortega et al. [79] male BALB/c
mice were exposed to 2.6 mg/kg of methamidophos every three days resulting in a decrease of GABA
release in the cortex and hippocampus after three and six months. An exposure to 30 mg/kg/day of the
phthalate DEHP throughout gestation until weaning (GD1-PND21) also resulted in decreased GABA
levels in prepubertal male rats.

ASD has been related to a dysregulation of both GABAA and GABAg receptor expression.
Blatt et al. [32] reported a significant decrease of GABAA and GABAg receptor expression in the
cerebellum. In addition, mutations of genes encoding GABA receptors have been related to ASD with
high confidence (as reviewed by [9]).

In the current review, significant downregulation of GABAGg receptor 1 (GABBR1) gene expression
was reported after exposure of Sprague-Dawley rats during GD16 and GD18 to 1 mg/kg of a PCB
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mixture, including PCB138, PCB153 and PCB180 [66]. Male Wistar rats exposed to 29 ug of the
phthalate DCHP on PNDS5 presented dysregulation of both GABAA and GABAg receptors and
transporters gene expression [96]. In a different study, exposure to the phthalate DEHP resulted in
downregulation of GABA transported Gat3.

Results from the current review have shown that exposure to neurotoxic compounds can result in
changes in the GABAergic system that have been related to ASD. Exposure to neurotoxic compounds
may directly influence the GABAergic system. However, it could also be hypothesized that exposure
to neurotoxic compounds leads to altered expression of genes that have been related to both ASD and
the GABAergic system, for example 15g11-13. Indeed, Tanaka et al. [97] propose that the GABRB3
subunit on chromosome 15qg11.2-q12, which has been related to ASD, is regulated by epigenetic
modulations. Similarly, Hogart et al. [30], propose that downregulation of the GABRB3 receptor genes
might result from epigenetic alterations.

3.2.2. Glutamate

ASD has been related to genes which encode Glu receptors and the enzyme glutamate
decarboxylase (as reviewed by [9]). In the current review, adult male Wistar rats exposed to 10 mg/kg
of the PCB mixture Aroclorl254 for 14 days presented alterations in gene expression of Glu
transporters EAAC1 and GLT-1 in the forebrain and cerebellum [70]. After exposure to 100 uM of
sarin, significant upregulation of Glu receptor GRIA1 was reported in the adult male Sprague-Dawley
rat brain [98]. In addition, exposure of male Wistar rats to single doses of the phthalates DCHP and
DEHP resulted in gene expression alteration of 16 Glu receptors and transporters, including GRIA3,
which in previous research has specifically been related to ASD (as reviewed by [9]).

In a study by Shinohe et al. [38], increased Glu levels were observed in adult subjects diagnosed
with ASD. In the current review, elevated Glu levels in the cerebellum were reported in male Wistar
rats after exposure to PCB52 from GD7 to PND21, although not supported by findings in female
Wistar rats. In addition, all studies in which exposure to the organochlorine endosulfan was under
investigation, presented an increase in Glu levels. Earth-worms exposed to 0.1, 1.0 or 10.0 mg/kg of
endosulfan for seven days showed an increase in Glu levels four days after exposure ended. Similar
findings were observed after exposure to 0.1 or 10.0 mg/kg of endosulfan sulfate.

In a study by Cabeleiro et al. [65] prefrontal Glu levels in male Sprague-Dawley rats were increased
at PND30 after exposure to 0.61 or 6.12 mg/kg of endosulfan throughout gestation until weaning
(GD1-PND21). The increase in Glu levels was accompanied by a decrease in GABA levels. In addition,
increased striatal Glu levels were found in a study in which adult male Sprague-Dawley rats were
exposed to 25 mg/kg of the organochlorine methoxychlor for 1 month. Finally, six hours of exposure of
cortical cell cultures from Swiss Webster mice to 100 uM of the organophosphate chlorpyrifos resulted
in increased extracellular Glu levels in pure and mixed neuronal and glial cultures.

The anomalies observed in the glutamatergic system of subjects with ASD might be related to
deficits in the GABAergic system. Glu is converted to GABA by the enzyme glutamate decarboxylase.
Serum levels of Glu were found to be increased in adult subjects with an ASD [38,39], while GABA
levels were found to be decreased [29]. Harada et al. [29] hypothesize that deterioration in quality of
sensory information as observed in subjects with ASD might be caused by an excess in glutamatergic
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activity combined with the inhibitory influence of GABA. A dysregulation of the GABA/GIlu ratio
might result in an excess in glutamatergic hyperfunction, altering growth and connectivity of neurons
at critical time points. Indeed, Harada et al. [29] demonstrated that subjects with an ASD present a
decreased GABA/GIu ratio. It is therefore speculated that exposure to neurotoxic compounds might
influence the GABAergic/glutamatergic system, resulting in deteriorated information processing as
observed in subjects diagnosed with ASD.

3.2.3. Serotonin

Hyperserotonemia or an increase in 5-HT levels, is a phenomenon commonly observed among
subjects with ASD, reported in about 25% of the subjects [42]. In this review, increased 5-HT levels
were observed after exposure to endosulfan, PCB153, methoxychlor, monocrotophos and chlorpyrifos.
In a study by Cabaleiro et al. [65], increased 5-HT levels were reported on PND30 and PND60, after
exposure of male Sprague-Dawley rats to 0.61 mg/kg and 6.12 mg/kg of the organochlorine
endosulfan throughout gestation until weaning (GD1-PND21). The increase in 5-HT levels was
accompanied by a reduction in 5-HT turnover. In addition, Sprague-Dawley rats exposed to 16 or
64 mg/kg of PCB153 from GD10 to GD16 presented increased 5-HT levels when they were one week
old. Again, the increase in 5-HT levels was accompanied by a decrease in 5-HT turnover.

With regard to organophosphates, elevated 5-HT levels were observed in adult male Sprague-Dawley
rats after exposure to 25 mg/kg of methoxychlor for one month, again accompanied by a reduction in
5-HT turnover. Slotkin [92] reported a significant positive main treatment effect of chlorpyrifos
exposure on 5-HT levels in the striatum on PND30 after Sprague-Dawley rats had been exposed to the
organophosphate from GD17 to GD20. In a second study by Slotkin et al. [99], Sprague-Dawley rats
were exposed to 0.5 or 2 mg/kg of the organophosphate diazinon from PND1 to PND4. Female rats
showed an increase of 5-HT;4 transporter binding in female rats, although this finding was not consistent
with results in male rats. In a study by Xu et al. [93], exposure of sea urchins to 0.01, 0.10 or 1.00 of
monocrotophos for 1248 h postfertilization also resulted in increased 5-HT levels. In the same study,
exposure to monocrotophos was also related to an increase in gene expression of the 5-HT transporter.

In literature, genes SL6a4 and ASMT encoding a 5-HT transporter and enzyme have been related to
ASD with high confidence (as reviewed by [9]). In addition, multiple rare alleles related to 5-HT have
been associated with ASD [41]. These findings were consistent with results reported in a study by
Damodaran [98], who demonstrated an upregulation of SL6a4 after exposure to 50 pg/kg of the
organophosphate sarin. The 5-HT transporter Htr6 was also upregulated after exposure to the
compound. In addition, upregulation of 5-HT receptors was observed after exposure to 29 uM of the
phthalate DCHP.

Findings in the current review have shown that exposure to neurotoxic compounds can result in
alterations in the serotonergic system that have been associated with ASD. Therefore exposure to
neurotoxic compounds may lead to these alterations such as hyperserotonemia and changed expression
of genes related to 5-HT.
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3.2.4. Dopamine

Increased DAT levels have been found in the orbitofrontal cortex in subjects with high functioning
autism, using PET [49]. Subjects with ASD also present elevated levels of homovanillic acid, a DA
metabolite in urine [50], which might be indicative of increased DA turnover.

Increased striatal DAT levels were reported after exposure to 0.3, 1 or 3 mg/kg of the organochlorine
dieldrin every three days, for two weeks [100]. The authors also observed an upregulation of DAT
gene expression and an increase in DA turnover. In addition, in a study by Padilla et al. [101], male
Long-Evans rats were exposed to 0, 1 or 5 mg/kg/day of the organophosphate chlorpyrifos for 6 or
12 months. Additional spike doses were administered at 2, 4, 6, 8, 10 or 12 months. After 6 months of
chlorpyrifos exposure and additional spikes, an increase in DAT density was observed.

With respect to the studies included in this review, an increase in DA turnover was generally
accompanied by a decrease in DA levels. In a study by Lee et al. [102], MN9D cells exposed to
20 ppm of Aroclorl254 for 24 h, presented both an increase in DA turnover and a decrease in DA
levels. These findings were consistent with a second study by Richardson et al. [103], in which
C57BL/6J mice were exposed to a single dose of 500 mg/kg of Aroclorl016 or Aroclorl260.
Decreased DA levels reported 7 and 14 days after exposure were accompanied by increased DA
turnover. However, increased DAT levels were not reported in this study.

In the current review, exposure to organophosphates was related to both decreased DA levels as
well as increased DA turnover. In one study, zebrafish were exposed to 0.29 uM of chlorpyrifos from
two hours postfertilization to five days postfertilization. A decrease in DA levels was accompanied by
an increase in DA turnover in six day old zebrafish, although these findings were not consistent with
findings in adult zebrafish. In a study by Moreno et al. [86] an increase in striatal DA turnover was
reported two days after exposure to 250 mg/kg of chlorpyrifos, followed by a decrease in DA levels in
the nucleus accumbens 30 days after exposure.

Genes DRD3, DRD4 and DBH have been related to ASD, encoding DA receptors and a related
enzyme (as reviewed by [9]). In the current review, adult male Sprague-Dawley rats exposed to 50 ug
of the organophosphate sarin showed significant upregulation of Drd4 gene expression [98]. These
findings were consistent with a study in which male Wistar rats were exposed to the phthalate DEHP.
After exposure, Drd4 gene expression was upregulated with a ratio of 1.83 compared with controls.

Decreased DA levels as reported in this review might be related to the changes observed in DA
receptors. Gerfen et al. [104] reported that neurodevelopmental depletion of DA elevates the
expression of supersensitive DA receptors. After depletion of DA, the expression levels of DA
receptors remain increased. Eddins et al. suggest that reduced DA levels in adult fish brains might be
implied in long-term behavioral deficits [84]. In addition, treatment with risperidone, blocking DA
receptors, has been associated with improvements in stereotypic behavior, irritability and hyperactivity
in subjects diagnosed with ASD [48]. Hence, alterations in the dopaminergic system seem to be related
to the development of ASD and moreover, findings in the current review indicate that exposure to
neurotoxic compounds might result in these alterations.

Summarizing, the findings in the current review support the hypothesis that exposure to neurotoxic
compounds can lead to alterations of the GABAergic, glutamatergic, serotonergic and dopaminergic
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system which have been related to ASD in previous work. However, in several studies, other results
were reported that are not supportive of this hypothesis. Hence, other factors might be related, possibly
altering the mechanisms at work, which will be discussed below.

3.2.5. Related Factors: Length of Exposure

In a study by Hatcher et al. [105] a group of eight weeks old male C57BL/6J mice was given
3 mg/kg of dieldrin every three days for 30 days. HPLC analyses of DAT levels were carried out three
days after the end of exposure. The author reported a significant decrease of the DAT level in the
striatum. In a similar study of Richardson et al. [100], a dose of 3 mg/kg of dieldrin was administered
to C57BL/6J mice every three days for two weeks. On PND22, HPLC analyses were carried out, now
resulting in a significant increase of the DAT level in the striatum.

The described examples illustrate the importance of the length of exposure. In general, adverse effects
after neurotoxic exposure can be divided into two categories: acute or chronic effects [106]. In humans,
acute neurotoxicity of organophosphates has been related to adverse effects on the central nervous
system and respiratory, cardiovascular, gastrointestinal, motor and sensory problems [107,108].
In contrast, chronic exposure to organophosphates has been related to neurobehavioral changes
including anxiety and deficits in learning and information processing as associated with ASD. As the
subject grows older, these symptoms can become more pronounced. Neurotoxic exposure continuing
for years or even decades might result in neurodegeneration. Long-term exposure to the organochlorines
lindane and dieldrin has been related to Parkinson’s Disease [57] and exposure to organochlorine and
organophosphate pesticides has been related to an increased risk of Alzheimer’s Disease [109]. Hence,
the length of exposure to a neurotoxic compound seems crucial when predicting the final outcome.

3.2.6. Related Factors: Time of Exposure

Another factor possibly of influence is time of exposure. As certain neurotoxic compounds can pass
placental barriers, exposure to neurotoxic compounds can start as early as the prenatal period. Some
authors claim that during the prenatal period, the fetus is particularly vulnerable because of its rapid
growth and development. Moreover, infants are exposed to higher doses of certain neurotoxic
compounds [110]. For example, PCBs are accumulated in maternal tissue and are subsequently
transmitted to the child by means of breast milk, which results in infant exposure exceeding the
exposure of the mother by 100-fold with respect to body weight. High early life exposure might put
children at a greater risk of chronic neurotoxic effects than exposure later in life.

In the current review, the relevance of time of exposure can be demonstrated by the study by
Hatcher et al. [105], as previously mentioned, in which male C57BL/6J mice were exposed to 3 mg/kg
of dieldrin every three days for 30 days, resulting in decreased striatal DAT levels. The results were
not consistent with a study by Richardson et al. [100], which reported an increase in striatal DAT
levels at PND22. The mice used in the study by Hatcher et al. were young adult male mice (eight
weeks old), while mice in the study of Richardson et al. were exposed from GD1 to PND21. In a study
by Seegal et al. [111] mice also showed elevated DA levels after exposure to the PCBs 3.,4,3’,
4'-tetrachlorobiphenyl (TCB) and 3.,4,5,3',4'-pentachlorobiphenyl (PtCB) from GD1 to PND21, while
the same authors state that in a previous study with adult mice no effects had been found. Indeed,
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central DA function in adult mice might be insensitive to TCB and PtCB while the increases in DA
levels found in mice after developmental exposure might reflect a greater sensitivity of the central
nervous system in development to certain “estrogenic” PCBs [111]. Hence, the former studies
emphasize the importance of time of exposure and critical windows in development.

3.2.7. Related Factors: Dose

With regard to exposure to neurotoxicants, the dose of the compound appears to be of importance.
For example, in a study by Ghasemi et al. [112] male Wistar rats were exposed for 20 min to either
nanomolar (10°-10"") or micromolar (10°~10") doses of paraoxon. After exposure to nanomolar
doses of paraoxon the authors reported significantly increased GABA uptake. In contrast, after exposure
to micromolar doses of paraoxon, a significant reduction of GABA uptake was reported.

Exposure to neurotoxic compounds can result in various adverse effects. Some effects are clinically
evident, such as visible functional abnormalities which can be presented after high-dose exposure.
However, neurotoxic compounds might also exert effects which only can be detected after standard
examination. These effects are called subclinical. Therefore a dose-dependent continuum of neurotoxic
effects, with clinical and subclinical effects, is proposed [13]. However, recent research has shown that
exposure to a higher dose of a neurotoxic compound does not necessarily result in more adverse effects
than exposure to a lower dose of the compound. In fact, Vandenberg et al. [113] state that exposure to
low doses can alter certain endpoints more effectively than higher doses. For example, certain receptors
are downregulated after a higher dose, while upregulated at a lower dose [114,115]. Hence, the outcome
of exposure to neurotoxic compounds might be related to the dose of the compound under investigation.

4. Conclusions

In the current review an overview has been given with respect to neurotoxic exposure and the
effects on neurotransmitter systems. The aim was to identify mechanisms and related factors which
together might result in ASD. The literature reported in the current review supports the hypothesis that
exposure to neurotoxic compounds can lead to alterations of the GABAergic, glutamatergic,
serotonergic and dopaminergic system which have been related to ASD in previous work. However, in
several studies results were reported that are not supportive of this hypothesis. Hence, other factors
might be related, possibly altering the mechanisms at work. Time and length of exposure as well as the
dose of the compound seem to be of influence.

With regard to future research it seems crucial to identify the pathway through which these factors
interact with exposure to neurotoxic compounds. In addition, the effects of other compounds suspected
of affecting neurodevelopment should be investigated, such as acetaminophen. Moreover, future
research should investigate the effects of neurotoxic compounds on other neurotransmitter systems
possibly related to ASD as well, for example the endocannabinoid system. More human studies are
necessary in order to translate findings in animals to humans. Hence, more use should be made of
bodily samples from humans, collected both prenatally and postnatally to determine exposure to
neurotoxic compounds. A prospective mother-child cohort, following subjects prenatally until
adulthood could be used to relate data from neurotoxic exposure to information on behavior development
throughout life, focusing on behaviour indicative of ASD. In addition, human risk assessment of
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developmental neurotoxicity should be improved, using collected exposure data in addition to information
from toxicological testing. The significance of differences in dose, time and length of exposure as well
as critical windows should be determined with respect to exposure to neurotoxic compounds,
especially during early development, focusing on mechanisms to elucidate possible outcomes. In this
way, the relation between exposure to neurotoxicants early in life and the onset of ASD in childhood
can be further unravelled.
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