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Preface

The book, “Autism: A Neurodevelopmental Journey from Genes to Behaviour” reflects
the wide range of research being conducted into the aetiology, pathogenesis, clinical
characteristics, and intervention in autism. While individual chapters cover alterations
in genes, neurochemicals, protein complexes, receptors, synaptic connections etc. that
contribute to altered neuronal development, together they convey the story of a
neurodevelopmental journey that has lost its way and is aberrant in connectivity. In
this regard, Dr. Dafna Ben Bashat discusses abnormal developmental trajectories of
White Matter (WM) in autism and suggests that disturbed, abnormal and disorganized
inter- and intra—cortical connections are one of the core issues in autism, resulting in
poorly synchronized and weakly responsive networks, which in turn lead to abnormal
cognitive and neurological functioning. While MRI studies have revealed impaired
connectivity, and increased brain volume especially early in life, DTI can detect
microstructural changes that might help to reveal the neurobiology underpinning
autism such as accelerated-myelination at a young age. In the chapter GABAergic
dysfunction in autism and epilepsy, Prof. Yuri Bozzi and colleagues explore the role of
GABAergic neurons and circuits in autism and review the genetic, cellular, anatomical
and neurophysiological studies that support the hypothesis that the imbalance
between excitation and inhibition resulting from neurodevelopmental defects in
GABAergic circuitry might represent a common cause for autism and epilepsy.
Following this theme, Prof. Ricardo Miledi and colleagues in their chapter “GABA and
Glutamate Receptors of the Autistic Brain” argue that autism is a developmental
synaptic disorder that affects the processing of behavioural relevant information.
Given that GABAergic and glutamatergic synapses appear to be convergent nodes of
genetic, epigenetic, and probably environmental factors causing the autistic
phenotype, they propose that GABA and glutamate receptors may form important
targets for pharmacological interventions. In the next chapter Dr. Dayan Goodenowe
further elaborates the biochemical basis of autistic behavior focusing on glutamate and
mitochondrial toxicity with suggestions for dietary and pharmacological therapies.
Here mitochondrial dysfunction is implicated in findings such as abnormal brain
growth, seizures, gender bias, and selective autistic pathology involving chronic
microglial activation as well as “immunoexcitotoxicity” by glutamate. Serotonergic
neurotransmission in autism is the focus of a chapter by Dr. Yoshihiro Takeuchi from
Japan while Prof. Susan Masino and colleagues continue this theme by reviewing the
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actions of Adenosine in the central nervous system, with multiple implications for
autism, and the potential for developing new evidence-based therapies. The chapter
by Dr. Rene Anand et al using postmortem, genetic, functional, and molecular
neurobiological methodologies discuss a rationale that neuronal nicotinic acetylcholine
receptor (nAChR) alterations are biomarkers for autism and that specific nAChRs
subtypes are likely to be useful therapeutic targets for the treatment of core deficits.

With all the recent attention on the genetic advances, a number of chapters cover gene
effects as well as the environmental modulation of these effects. For example, Dr.
Abdullah Alqallaf presents an overview for the analysis of genetic variations in the
form of DNA copy number changes and suggests that autism is associated with an
increased amount of copy number alteration in unstable segments of the genome and
that combinations of copy number variations could provide the basis for
discriminating autistic and typically developing groups and potentially identifying
distinct subgroups within the phenotypic heterogeneity of autism. The chapter
“Genome-wide Association Studies of Copy Number Variation in Autism” by Prof.
Yeun-Jun Chung reviews the current data on GWAS and argue that the integration of
the GWAS data with other resources such as improved bio-imaging, personal whole-
genome sequencing, gene-environmental interaction and metagenome analysis data
will enable us to get a more comprehensive insight to designing future personalized
care of autism. The focus of the chapter by Prof. Haruhiro Higashida et al is the
finding of a missense mutation in CD38 in three autism pedigrees with a proposal that
the CD38 W140 allele could be a risk factor for at least one form of autism by
abrogating oxytocin function. On a related topic, Prof. Neumann Inga discusses brain
oxytocin as a main regulator of prosocial behaviour and its role in autism.

Although much progress has been made in the recent past in identifying some of the
genes that play a crucial role in autism, significant research has also focused on
environmental and epigenetic factors involved in the genesis of the disorder. In the
chapter “Environmental Factors in the Aetiology of Autism and Lessons from Animals
Prenatally Exposed to Valproic Acid”, Dr. Tomasz Schneider and colleagues use
rodent models to clarify complex relationships between genetic, behavioural and
environmental variables to better understand and potentially cure autism.
Environmentally induced oxidative stress is the focus of the chapter by Prof. Elizabeth
Sajdel-Sulkowska. She discusses disruption of brain thyroid hormone homeostasis
with special emphasis on the developmental impact of environmental toxicants, such
as herbicides, polychlorinated biphenyls (PCBs), bisphenol A (BPA) and organic
mercury compounds that interfere with the thyroid hormone as a possible factor
contributing to autistic pathology.

There is increasing evidence indicating the role of immune system in autism and the
chapter by Dr. Theoharis Theoharides explores how perinatal immune activation, in
the mother and/or the fetus, could adversely affect neurodevelopment. Since mast cell
activation during this period by environmental, infectious, neurohormonal and



Preface

immune triggers appears to be involved in gut-blood-brain barrier disruption and
subsequent brain inflammation, the potential use of specific CRH receptor antagonists,
as well as drugs that could prevent BBB disruption, or block brain inflammation
including the use of mast cell blockers is discussed. On the same theme of immune
functions, Prof. Iseri Elvan discusses Neurotrophic Factors with several lines of
evidence suggesting that cytokines, growth factors and neurotrophic factors play
particular  signaling roles within the brain to produce neurochemical,
neuroendocrinological and behavioral changes. While autoimmunity in Autism is the
focus of the chapter by Dr. Laila AL-Ayadhi, in the next chapter, Dr. Archana
Chatterjee provides an analysis of the scientific evidence that autism and vaccines are
unlikely to be linked. Immune Dysfunction is again the theme of the chapter
contributed by Dr. Anthony Torres and colleagues where they evaluate mounting
evidence implicating the involvement of immune molecules, autoimmune
associations, maternal/fetal Natural Killer cell population, cytokine levels, and
maternal influences in the aetiology of autism. Changes in innate and adaptive
immunity and possible impaired oral tolerance in autistic children with food protein
induced enterocolitis syndrome (FPIES) is the focus of the chapter by Dr. Harumi
Jyonouchi and colleagues. In the chapter on clinical evaluations, Dr. Michaela Dobre
reflects on the diagnosis of autism while Dr. Anna Bieniarz relates the phenomenon of
loneliness and silence to autism and its implications for psychotherapy.

In the chapter “Mnesic Imbalance and the Neuroanatomy of Autism”, Dr. Miguel
Angel Romero-Munguia presents neuropathological, structural and functional
imaging data to support mnesic imbalance theory in autism. Behavioral and
electrophysiological characterization of induced neural plasticity in the autistic brain is
the focus of the chapter by Prof. Jaime Pineda and colleagues. They discuss mirror
neurons and EEG neurofeedback in the context of plasticity-inducing rehabilitation
training (PIRT), centered on operant conditioning of EEG mu rhythms. Neuroplasticity
is again the theme of the next chapter contributed by Dr. Jane Yip who discusses the
role of GAD65 and GAD67 in neuronal development and approaching the
neuropathology, neuroplasticity, and treatment of autism by studying the
transcriptional regulation of GABA. The cerebellar circuitry and conditioned learning
are explored alongside implications for behavioral treatment and the use of
quantitative electroencephalograph (qQEEG) brain map as a tool that holds promise for
future research.

Thus the book takes the reader on a unique journey through the neurobiological
underpinnings of autism as the different chapters deal with interrelated aetiological
theories and causal pathways that explain the diverse manifestations of this complex
disorder. The diversity of the findings as elaborated in the 24 chapters of this book is a
reflection of the involvement of interconnected neural systems that can be understood
through the relationship between functionally relevant anatomic areas and
neurochemical pathways, the programming of which are genetically modulated
during neurodevelopment and mediated through a range of neuropeptides and
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interacting neurotransmitter systems. It is hoped that understanding these
neurobiological substrates can lead to the design of interventions that accommodate
the way the brains of individuals with autism function and may lead to the promotion
of more flexible thinking and learning. Furthermore, since genetically mediated
deficits and consequent functional impairments involve activity-dependent synapse
development that depends on postnatal learning and experience, early intervention
can prevent or reduce the risk of these deficits cascading into a trajectory toward full
expression of the disorder. Such a model implies the importance of intervening early
to prevent downstream effects, and offers an opportunity to interrupt the sequence of
events that would otherwise have resulted in an abnormal developmental trajectory,
but instead alter the course towards neurotypical development by exploiting the
neuronal maturation and brain plasticity especially in the early years of life.

Dr. Valsamma Eapen

Professor & Chair of Infant, Child and Adolescent Psychiatry,
University of New South Wales,

Australia









Abnormal Developmental Trajectories of White
Matter in Autism - The Contribution of MRI

Dafna Ben Bashat

The Functional Brain Center, The Wohl Institute for Advanced Imaging,
Tel Aviv Sourasky Medical Center,

Israel

1. Introduction

Autism spectrum disorder (ASD) is a disorder of neuronal connectivity. It has been suggested
that disturbed, abnormal and disorganized inter- and intra-cortical connections are one of the
core issues in autism!, resulting in poorly synchronized and weakly responsive networks,
which in turn lead to abnormal cognitive and neurological functioning. Evidence accumulated
in recent years has led to a shift in the conceptualization of autism, from a localized
neurological abnormality to a disorder of distributed networks throughout the brain.

What is connectivity? Two fundamental principles of brain organization have been
proposed: functional specialization and functional integration (Friston, 1994, 2002), with the
understanding that these two principles are complementary. Functional specialization is
usually inferred by the presence of activation foci while functional integration is regarded as
a process mediated by connectivity, which reflects the patterns of interaction between
neuronal populations, either during the performance of specific tasks or during resting state
(Friston, 1994, 2002, 2009a, 2009b; Honey et al., 2009).

Functional integration relies on functional and structural connectivity, while taking into
account that these two are not necessarily co-referential (Honey et al., 2009), and that the
functional-structural relationship is not straightforward (Damoiseaux & Greicius, 2009).
Functional connectivity, as studied by functional magnetic resonance imaging (fMRI), refers
to the temporal synchronization of the blood oxygenation level dependent (BOLD) signal of
two or more brain areas. Structural connectivity on the other hand, as measured by diffusion
tensor imaging (DTI), refers to the physical properties of structural connections - the way in
which different brain regions are connected, at the macro level (bundles of axonal tracts)
(Mori & van Zijl, 2002).

1.1 The under-connectivity theory in autism

Postmortem and imaging studies support the central role of disordered brain connectivity in
autism, and emphasize the importance of studying structural and functional connectivity
within the brain. Just et al (Just et al., 2004) formulated the "under-connectivity" theory of

1 In this chapter, the term autism will be equivalent to the acronym ASD, referring collectively to the
broader spectrum. When referring solely to the autistic disorder (subgroup), this will be specified.
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autism, arguing that “autism is a cognitive and neurobiological disorder marked and caused
by underfunctioning integrative circuitry that results in a deficit of integration of
information at the neural and cognitive levels”. This theory has gained much attention in a
large number of studies investigating functional and structural connectivity (for more
information see: Belger et al., 2011; Geschwind & Levitt, 2007; Miiller, 2007; Wass, 2010).
While there is growing consensus that autism is associated with atypical brain connectivity,
there is less agreement regarding the under-connectivity theory, and the location of these
abnormal networks. Studies using various methodologies, such as EEG, MEG, fMRI and
DTI have reported evidence of under-connectivity in autism (Brock et al., 2002; Castelli,
2002; Just et al., 2004), while others treat the problem as one of over-connectivity (Belmonte
& Yurgelun-Todd, 2003; Courchesne & Pierce, 2005; Hutsler & Zhang, 2010).

Several explanations have been proposed to reconcile these two ideas. Belmonte (Belmonte
et al.,, 2004) suggested that “high local connectivity may develop in tandem with low long-
range connectivity”’. This was further supported by other studies reporting a deficiency in
the quality of long-range cortico-cortical connections in ASD (Hughes, 2007; Jou et al., 2011)
and an increase in short-range connections, as well as connections between subcortical areas
and the cortex (Mizuno et al., 2006). In addition, specific methodological characteristics
including the choice of tasks were found to affect the results reported in different functional

connectivity MRI studies (Miiller et al., 2011).

In summary, it is likely that alteration of structural organization underlies functional and
behavioral impairment in ASD. As a developmental disorder, we should focus on the
trajectories of brain development, in order to better understand the pathology underpinning
autism. This will enable better understanding of the nature of this disorder. This chapter
will focus on structural connectivity in subjects with autism as detected using MRI with the
aim of investigating the integrity and developmental changes of white matter (WM) across
the life span. In order to understand abnormal development, a brief review of normal
development will first be presented.

2. Normal brain development

The development of the human brain involves extensive structural and neuro-chemical
dynamic changes throughout life, with different tissue types, brain structures, and neural
circuits exhibiting distinct developmental trajectories. Structural MRI provides information
regarding brain development and characterizes age-related changes in brain volume,
maturation, cortical thickness and gyrification (Giedd & Judith L. Rapoport, 2010a; Gogtay
et al., 2004; Power et al., 2010; Shaw et al., 2008; Vol & Morfologicas, 2000). The focus of this
review is WM development therefore the discussion of gray matter (GM) changes will be
limited.

2.1 Volumetric changes during brain development

Age-related changes in GM and WM volume have been shown to vary according to sex and
brain region. Converging results have been reported by numerous studies, including a
large-scale longitudinal study performed at the Child Psychiatry Branch of the National
Institute of Mental Health (Giedd et al., 2010; Lenroot & Giedd, 2006). The general pattern
for typical brain development in the first 25 years of life is a roughly linear age-dependent
increase in WM volume with a steeper increase in males than females. Curves for WM
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development did not significantly differ between various lobes (Giedd et al., 1999). At the
age of 5, 90% of the adult brain volume had already developed (Giedd et al., 1996), and only
a small increase in volume was detected later in life (Giedd et al., 1999). The general increase
in WM volume throughout childhood and adolescence may reflect greater connectivity and
integration of disparate neural circuitry.

In contrast, GM structures show a general pattern of regionally specific inverted U shaped
developmental trajectories, with peak volumes occurring in late childhood or early
adolescence (Lenroot & Giedd, 2006). Developmental curves for the different cortical regions
significantly differed from each other; those for frontal and parietal lobes were the most
similar. The absolute size of the cortical GM was approximately 10% larger in boys, and
peaked slightly earlier in girls, although the shape of the curves was not significantly
different between boys and girls (Giedd et al., 1999).

Brain development including maturation of functional networks and the specific timing and
synchronization of the developmental processes across different brain regions should
correlate with the well-known temporal sequences of behavior development. Abnormal
development of some brain areas will affect the developmental trajectories of networks and
cause a failure to acquire normal behavior.

2.2 Diffusion Weighted Imaging (DWI) & Diffusion Tensor Imaging (DTI)

While conventional MRI methods can provide information about changes in the volume and
shape of brain structure, diffusion weighted imaging (DWI) can provide additional
information characterizing the microstructure of the tissues (Basser & Jones, 2002; Le Bihan,
2003; Moseley et al., 1990). DWI can detect, indirectly, differences between tissue
compartments such as size and geometrical shape. Some compartments have isotropic shape
(i.e. the water motion is roughly equivalent in all directions, such as in the CSF) while other
compartments have anisotropic shape (i.e. the diffusion is more restricted in one axis, which
results in anisotropic diffusion, such as in the WM). Diffusion tensor imaging (DTI) can
detect information regarding the size and shape of the compartments, by recording the
diffusion of water molecules in more than six directions (Basser et al., 1994; Basser & Jones,
2002; Le Bihan & van Zijl, 2002). DTI was previously shown to be a sensitive method for the
study of WM connectivity, integrity, development and pathology (Basser et al., 1994;
Dubois et al., 2006; Gupta et al., 2005; Huang et al., 2006; Hiippi & Dubois, 2006; Lebihan,

2006; Neil et al., 2002; Wakana et al., 2003).

2.2.1 Diffusion parameters

Several diffusion parameters describe the brain’s microstructure, including the three
diffusion tensor eigen values (A1, A2, A3), which represent diffusion along the three principal
tensor axes, the mean diffusivity (MD) and mathematical measures of anisotropy.

The mean diffusivity (MD) is calculated as one third of the trace of the diffusion tensor:

1\/ID=721”;”3 (1)

MD represents the overall magnitude of water diffusion independent of anisotropy. This
parameter provides information on restriction and boundaries (i.e. the extent of packing/
density of cells), and is therefore a sensitive measure of brain maturation and/or injury
(Alexander et al., 2007; Dubois et al., 2006).
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Water diffusion anisotropy can be described by several parameters (Basser & Pierpaoli,
1996; Ulug & van Zijl, 1999), of which fractional anisotropy (FA) is the most common. The
FA parameter is calculated by dividing the magnitude of the anisotropic part of the
diffusion tensor, by the magnitude of its isotropic part, resulting in a parameter that
describes the degree of water diffusion anisotropy independent of the overall water
diffusion coefficient (Basser & Pierpaoli, 1996):

1

_ 2 B 2 _ 2
FA%M):ﬁJw MD)? + (4, = MDY’ + (3 - MD)

i
FA ranges between 0 (for perfectly isotropic diffusion; diffusion that is equal in all
directions) and 1 (the hypothetical case of an infinite cylinder, i.e A1>> A>=13). A high FA
value is detected in a dense and ordered structure such as in WM (Basser & Pierpaoli, 1996;
Basser & Jones, 2002). This parameter is considered to reflect fiber density, axonal diameter,
and myelination in WM (Alexander et al., 2007; Hiippi & Dubois, 2006).

The FA parameter is frequently used and appears to be quite sensitive to a broad spectrum
of pathological conditions. Yet although many studies primarily focus on diffusion
anisotropy, this may not be enough to characterize the tissue changes (Alexander et al.,
2007). Since the FA value is calculated from the three eigenvalues, different eigenvalue
combinations can generate the same FA value. For example, higher eigenvalues may
indicate less maturation / myelinization and lower ones may indicate higher maturation,
while in both cases the FA value may be reduced. Therefore, looking solely at the FA
parameter can occlude trends that may be apparent in a specific eigenvalue. The eigenvalues
of the diffusion tensor (axial diffusivity and radial diffusivity), are therefore important for
the characterization of changes in the tissue microenvironment.

Axial diffusivity (Da=\;) represents the direction in which water diffusion is highest,
which is typically parallel to WM fiber fascicles and is more strongly related to axonal
morphology and degradation (Budde et al., 2009). Factors affecting axial diffusivity
include buildup of cellular debris, breakdown of axonal structure, disordered microtubule
arrangement, aggregation of filaments, and expansion of extracellular space (Schwartz et
al., 2005).

Radial diffusivity (Dr=(\2+A3)/2) is the average value of the two small eigenvalues, and is
considered to reflect the diffusivity orthogonal to the axonal bundles and to be mainly
affected by the myelin in WM (Song et al., 2002).

@)

2.2.2 Diffusion at high b values

The use of high b values (above > 3000 sec/ mm?) requires a different data analysis approach
which results in additional diffusivity parameters (Cohen & Assaf, 2002; Inglis et al., 2001;
Ronen et al.,, 2005). Using high b values, several groups have reported multi-exponential
decay of the MRI signal as a function of the b value, detecting signal from different tissue
compartments, such as extracellular and intracellular (Inglis et al., 2001; Ronen et al., 2003).
High b value DWI seems to be more sensitive to WM integrity than conventional DTI
(Ronen et al.,, 2005) and was used in several studies including investigations of WM
development in typically developing children (Ben Bashat et al., 2005; Cihangiroglu et al.,
2009) and in young children with autism (Ben Bashat et al., 2007).
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2.3 DTI and typical development

DTI has been widely used to describe WM development in children and adolescents (Cascio
et al., 2007; Hiippi & Dubois, 2006; Rutherford et al., 1991; Sakuma et al., 1991). Reported
changes are consistent across studies with an overall decrease in MD and an increase in FA
with age (Barnea-Goraly et al., 2005; Cascio et al., 2007; Mukherjee et al., 2001). A decrease in
all three eigen values was reported in newborns and infants from birth to childhood with a
much higher rate of decline in the two smaller eigenvalues (Dr) than that of the largest
eigenvalue (Da), resulting in an actual increase in FA (Hiippi et al., 1998; Mukherjee et al.,
2001; Neil et al., 1998; Song et al., 2002).

The increase in anisotropy with age reflects increased organization of the nerve fibers.
Relatively early DTI studies show that a large degree of anisotropy is already present in
non-myelinated nerves (Beaulieu & Allen, 1994) or only poorly myelinated fibers such as in
the WM of premature newborns (Hiippi et al., 1998; Neil et al., 1998). This increase has been
attributed to changes in WM structure which accompany the "premyelinating state"
(Wimberger et al., 1995) and are characterized by several histologic changes, including an
increase in the number of microtubule-associated proteins in axons, a change in axon
caliber, and a significant increase in the number of oligodendrocytes (Hiippi & Dubois,
2006). Following this stage, a continued increase in anisotropy is associated with the
histologic appearance of myelin and its maturation (Huppi et al 1998; Huppi and Dubois
2006). These microstructural changes during development are not homogenous throughout
the brain, showing considerable regional differences (Dubois et al., 2008; Hiippi & Dubois,
2006).

3. Brain development in autism - MRI findings

MR imaging studies have reported significant changes in GM and WM in subjects with
autism compared to age-matched controls. Differences were detected in several brain
regions both in the cerebrum and cerebellum (Amaral et al., 2008; Brambilla, 2003).
However, it is important to emphasize that to date, all imaging results have been based on
group analyses therefore it is not yet possible to make assumptions on an individual level.

3.1 Accelerated brain growth

One of the most consistent findings in autism research is increased brain volume during the
first 2-3 years of life. The initial characterization of increased brain size and growth in
autism relied heavily on head circumference data, later corroborated by structural MRI
studies which established the correlation between head circumference and brain volume
(Courchesne et al, 2001). Courchesne and colleagues, using retrospective head
circumference records, found that brain volumes appeared normal for all children at birth.
However, 2-3 year old children with autism had increased cerebral (18%) and cerebellar
(39%) WM, and more cerebral cortical GM (12%) than controls (Courchesne et al., 2001). In
contrast, older children and adolescents with autism did not exhibit enlarged gray and WM
volumes. Based on these results, the authors hypothesized that overgrowth in autism is
restricted to early childhood and followed by a period of abnormally slowed growth. Later
studies supported these initial findings (Courchesne et al., 2004; Dementieva et al., 2005),
although it was concluded that the increased brain volume was present in only about 70% of
children with autism (Lainhart, 2006). This period of accelerated brain growth that occurs in
the first years of life is parallel to the emergence of autistic symptoms. Both Courchesne's
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early overgrowth theory and current research suggest that overgrowth is not ubiquitous to
all regions of the brain. By 2-4 years of age, overgrowth is more evident in some regions and
structures than others (Courchesne et al., 2005; Sparks et al., 2002), with the frontal lobes,
temporal lobes, and amygdala being the sites of peak overgrowth (Sparks et al., 2002).

A few studies reported differences in older subjects with autism compared to controls.
While there is converging evidence that autism is associated with enlarged brain volume
early in development, evidence regarding the arrest of this overgrowth abnormality in
adulthood are less conclusive demonstrating mixed results. Herbert et al. (Herbert et al.,
2004), utilizing a WM parcellation technique, reported an enlargement in the radiate WM in
all lobes, particularly in the frontal lobe in high functioning children with autism at a mean
age of 9+0.9 years. Aylward (Aylward et al, 2002) reported significantly larger brain
volumes in children with autism up to the age of 12 compared to controls, but no differences
for individuals older than 12 years. In contrast, Piven and colleagues (Piven et al., 1996) did
find significant enlargement in the temporal, parietal, and occipital, but not frontal lobes in
35 subjects with autism, with a mean age of 18 years. Another study reported decreased WM
and GM volumes in children with autism at a mean age of 12+1.8, using a voxel-based
analysis (McAlonan et al., 2005).

3.2 Volumetric changes in the corpus callosum

In contrast to the increased brain and cerebellar volume, the corpus callosum (CC) seems to
be smaller in autism across all age groups (Boger-Megiddo et al., 2006; Stanfield et al., 2008).
As the largest fiber connecting the two cerebral hemispheres, the CC has a central role in
almost all networks and behaviors, including motor, sensory, visual, cognitive and limbic
among other. While most researchers agree on the involvement of the CC in autism, the
specific part of the CC which is affected is under debate. Piven and colleagues (Piven et al.,
1997) detected smaller size of the body and posterior sub-regions of the CC in individuals
with autism, at mean age 47.4 months, and reduced size of the CC only when adjusted for
cerebral volume. Vidal et al (Vidal et al., 2006) reported reduction in both the splenium and
genu of the CC in subjects with autism, mean age 10+3.3. In a recently published meta-
analysis, reduced total CC area was detected in subjects with autism versus healthy controls
(Frazier & Hardan, 2009), with the rostral body (Witelson subdivision 3) of the CC
demonstrating the largest reduction in volume. Yet, other studies found no significant
differences in the CC in adults with high functioning autism (Tepest et al., 2010).

Reduced size of the CC in autism has been demonstrated in contrast to the increased volume
of WM which is mainly detected at young ages. Although this finding seems to be consistent
in autism, it is non-specific. Reduced volume of the CC was also reported in many other
disorders including attention deficit hyperactivity disorder (ADHD) (Giedd et al., 1994) and
schizophrenia (Shenton et al., 2001). This leads us to question whether the pathology
underlying this imaging abnormality is unique to autism or common to several disorders?

3.3 DTl findings in autism: review of published articles

This review of current published articles on DTI and autism was based on a search in
Pubmed.gov performed on the 31st of March, 2011 (Table 1). The search criterion was "DTI
and Autism", "DTI and ASD", "DWI and Autism" and "DWI and ASD". Only articles in
English and those performed on humans were reviewed, a total of 25 articles. Two
additional articles were retrieved from citations in the reviewed articles.
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Barnea Goraly and colleagues (Barnea-Goraly, 2004) were the first to apply DTI to a small
number of children with autism and a control group using a voxel-based approach. They
reported reduced FA in the CC and in the WM of the ventromedial prefrontal cortices,
anterior cingulated gyri and temporoparietal junctions, indicating a reduction in WM
integrity in the autism group. Following this auspicious start, most autism research to date
has avoided early childhood studies, focusing instead on high functioning adolescents or
adults with ASD, and focused mainly on FA and / or MD, to the exclusion of other
diffusivity parameters. Most studies in these age groups reported reduced integrity of the
WM in several brain regions including the limbic system, temporal and frontal lobes and
CC.

Many studies were conducted in subjects from the entire ASD spectrum, including autism,
Asperger's and PDD-NOS, i.e. a very heterogeneous group. Consistent findings in these
studies were reduced FA in the CC (Alexander et al., 2007; Jou et al., 2011; Lee et al., 2009;
Shukla et al., 2010, 2011b) in the superior temporal gyrus (Cheung et al., 2009; Lee et al,,
2007, 2009; Shukla et al., 2011a); the anterior cingulate cortex (Cheng et al., 2010; Thakkar et
al., 2008); the frontal lobe (Cheng et al., 2010; Shukla etl al., 2011a; Sundaram et al., 2008);
the thalamus (Lee et al., 2009) and the interior and posterior limbs of the internal capsule

(Cheng et al., 2010; Shukla et al., 2010).

Most studies conducted on subjects with high functioning autism or with Asperger's
syndrome reported reductions in FA in the frontal and temporal lobes (Barnea-Goraly, 2004;
Bloemen et al., 2010; Ke et al., 2009; Lange et al., 2010; Noriuchi et al., 2010); the limbic
system (Bloemen et al., 2010; Noriuchi et al., 2010; Pugliese et al., 2009); the superior
longitudinal fasciculus (Noriuchi et al., 2010); the CC (Bloemen et al., 2010; Keller et al., 2006;
Noriuchi et al., 2010); and cerebellum (Catani et al., 2008). One study reported areas of
reduced FA in children with high functioning autism (mean age 12.8 years) compared to
controls, within the frontal WM and the superior longitudinal fasciculus, and increased FA
within peripheral WM (Sahyoun et al., 2010). Three studies did not find any significant
differences in FA values (Groen et al., 2011; Fletcher et al., 2010; Thomas et al., 2010).

And finally, studies conducted only in subjects with autism (subgroup, not the entire
spectrum) reported reductions in FA in the frontal, parietal and temporal lobes (Barnea-
Goraly et al., 2010); the frontal lobe (Mengotti et al., 2011; Pardini et al., 2009); and CC
(Mengotti et al., 2011).

Nine of eleven studies that investigated axial and radial diffusivity, reported increased Dr
along with increased MD and reduced FA in subjects with autism compared to controls (one
study reported mixed results, region dependent). Five of these articles did not find
significant results in Da, while another five reported mixed results (3 reported reduced Da,
one region dependent, and one increased Da). Two studies reported reduced Da without
significant results in Dr (see Table 1).

A few diffusion studies reported results in young children with autism (<6 years) (Ben
Bashat et al., 2007; Mengotti et al., 2011; Sundaram et al., 2008; Weinstein et al., 2011). Two of
these studies reported an opposite trend of increased FA values, in several brain regions.
The first study, using high b value DWI, demonstrated an increase in FA values in the
frontal lobe of 1.8-3.3 year old children with autism (Ben Bashat et al., 2007). Higher
restriction was more dominant in the left hemisphere and was mainly detected in the frontal
lobe, indicating abnormal density with regards to age. Higher restriction and increased FA
values were also detected in the genu and splenium of the CC (the body of the CC was not
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studied). In this study, it was suggested that early and accelerated abnormal maturation
occurring in young subjects with autism supports brain overgrowth at these ages. In the
second study, increased FA was detected in the genu and body of the CC (Witelson
subdivision 3), left superior longitudinal fasiculus and right cingulum compared with age
matched controls (Weinstein et al., 2011). Changes in FA reported in this study were mainly
driven by a decrease in Dr. A third study (Mengotti et al., 2011) used DWI, and reported
reduced MD in a restricted group of 7 children with autism (mean age 7.28 years old) in the
frontal cortex, the genu and splenium of the CC. The fourth study performed at young ages
included children from the entire spectrum, and reported inverse results of reduced FA in
short range association fibers (Sundaram et al., 2008).

To sum up, several brain regions show structural differences between subjects with autism
and controls. The reported regions form part of major networks relating to several behaviors
that are recognized as core deficits in autism. These findings support the conception of
autism as a connectivity disorder. The diversity of findings might be due to the numerous
issues inherent in autism research in general, and imaging studies in particular, as well as
age-related differences, which will be further discussed.

4. Abnormal developmental trajectories

Studies of young subjects with autism indicate increased FA which contrasts with findings of
reduced FA in adolescents and young adults. This inconsistency seems to be age-related. The
majority of autism imaging studies to date have been conducted on adolescents and young
adults. Some studies present developmental curves of FA according to age, and extrapolation
of this data points to increased FA at young ages, although most authors did not discuss these
findings. A consideration of the data presented in the study by Lee et al, (Lee et al., 2007) (see
Figure 2 in that manuscript), suggests that at younger ages (<12 years) there could be increased
FA in the temporal stem relative to normal controls. A similar trend can be seen in another
study (Shukla et al., 2011a) with extrapolated increased FA and reduced MD in children with
autism younger than 8 years, in whole brain WM skeleton compared to controls (see Figure 3
in that manuscript). In a study performed by Cheng et al, (Cheng et al., 2010), FA was higher
in children with autism below the age of ~13 years in several brain regions: the right
paracentral lobule, right superior frontal gyrus and left superior longitudinal fasciculus (see
Figure 3 in that manuscript). Mengotti et al (Mengotti et al., 2011) detected reduced MD in a
restricted group of 7 children within the autism subgroup, mean age of 7 years, in the bilateral
frontal cortex and in the left side of the genu of the CC.

A similar concern relating to the possibility of age dependency of other imaging
measurements in autism can be seen in volumetric measurement, both of WM volume, such as
in the frontal lobe and several GM structures. In both cases enlargement was found in young
children with autism, while these differences were either not present or reversed in older
subjects. GM volume in younger individuals with autism was larger for the amygdala (Sparks
et al., 2002) and smaller in the cerebellar vermal lobules compared to controls. These findings
were either less pronounced or were not present in older groups (Stanfield et al., 2008). Similar
differences were detected in studies using event-related potentials (ERPs), detecting higher
amplitude of response to unexpected novel event in subjects with autism compared to normal
controls during childhood, and the opposite during young adulthood (Ferri, 2003).

In summary, higher FA and reduced MD were detected in young subjects with autism
compared to controls. This pattern seems to be reversed above the age of 7-13 years when



Abnormal Developmental Trajectories of White Matter in Autism - The Contribution of MRI 13

reduced FA and increased MD are detected in subjects with autism compared to controls. In
the age range of 7-13 there seems to be a period of "pseudo-normalization" of the FA and
MD. Longitudinal studies are still needed to confirm this assumption, yet, studies that aim
to compare subjects with autism to controls, at a specific age, are recommended not to focus
on this age range, since significant results are less likely to be detected.

4.1 What is the pathology underlying abnormal white matter development?
Accelerated brain growth in young children with autism, as measured by volumetric
studies, seems to coincide with increased FA and reduced MD, as detected by DTI. What
leads to this deviant developmental trajectory? Could excessive prenatal neurogenesis,
abnormal pruning or excessive dendrite growth be involved, resulting in aberrant
connectivity and overall brain enlargement after birth? Or is there perhaps an increase of
myelination or inflammatory response leading to excessive microglial activation?
(Schumann & Nordahl, 2010). Post mortem and genetic studies support the combination of
several cellular factors that account for autism pathology during early development
(Morgan et al., 2010; Rubenstein, 2010; Schumann & Nordahl, 2010). Genetic studies reveal
that a number of mutations converge on a common neurodevelopmental pathway involved
in neurogenesis, axon guidance and synapse formation, all of which are critical for proper
neural connectivity (Benvenuto et al., 2009; Geschwind, 2009). A recent post mortem study,
detected microglial activation and increased microglial density in two thirds of their sample
of young children (n=5, age < 6 years) (Morgan et al., 2010). An over expression of some or
of a combination of these processes can explain the reduced MD and increased FA in young
children with autism. Although FA seems to be highly sensitive to microstructural changes,
it is less sensitive to the type of changes (Alexander et al., 2007). Changes in FA should
therefore be interpreted with caution, and examining other diffusivity values may improve
our understanding. Reduced Dr without significant change of Da was detected at a young
age, accounting for the reduced MD and increased FA. Normal developmental studies,
related reduction in Dr with the myelination process (Song et al., 2002). It is postulated
therefore, that the reduced Dr in autism may express over-myelination at a young age.
Another imaging study supports this finding (using T2 weighted), showing
overdevelopment of WM in several brain regions in children with autism, which were
considered to reflect myelination changes (Carmody & Lewis, 2010).

Therefore, it is hypothesized that accelerated-myelination contributes to brain overgrowth
in young children with autism, probably along with other developmental processes. Is this
finding unique to autism? Once again, findings are mixed. Previous studies in children with
developmental delay showed reduced myelination, (Pujol et al.,, 2004). Reduced WM
volume was detected in subjects with ADHD (Castellanos et al., 2002). In contrast, a study
of children with developmental language disorder showed increased volume and later or
longer-myelinating regions compared to controls, similar to autism findings (but not in all
brain regions) (Herbert et al., 2004).

5. Why have we failed so far to find imaging biomarkers?

5.1 Imaging research in autism — only the beginning

Despite the developmental nature of the disorder, it seems that autism research focused on
early childhood, while critical to our understanding of the nature of abnormal development,
is still in the early stages. While evidence of accelerated brain growth during the first years
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of life has been accumulating for over a decade, there has not been much progress in the
interpretation of this finding. Most DTI studies in autism were performed on adults and
adolescents, with just a few studies performed at young ages (<6 years). In addition, there
are currently no post mortem studies on young children focusing on developmental
trajectories which could shed light on the underlying pathology. Hence, future
neuroimaging studies can contribute substantially to the understanding of the neurobiology
of autism and, in particular, to the understanding of the important distinction between
congenital pathology and acquired impairments.

A reduction in the age of diagnosis of ASDs, access to services and early intensive
intervention are crucial for improving developmental outcomes (Dawson et al., 2010).
Identification of imaging markers that may assist in early diagnosis is therefore of the
utmost importance. In addition, studies of autism at young ages may be more sensitive to
the origin of the disorder and may be less confounded by developmental changes,
medication, seizures and more. Future studies should aim to identify imaging biomarkers
with an emphasis on young ages.

5.2 Inherent problems in autism research

In most autism research, study populations vary widely, due to the heterogeneity of ASDs,
as well as differences in diagnostic criteria, subject characteristics (including age, 1Q, etc.)
and research methodologies. These core issues no doubt account for some of the diversity in
results reported in the literature and the failure to find any biomarker, as yet.

The definition of autism is the first and probably the major problem. ASD is a category that
includes autistic disorder, pervasive developmental disorder not otherwise specified (PDD-
NOS), Asperger's syndrome, disintegrative disorder and Rett syndrome. Considerable
debate exists as to whether conditions at the higher functioning end of the autistic spectrum
(i.e., high functioning autism, Asperger's syndrome, and PDD-NOS ) are separate disorders
or simply different expressions of the same underlying condition (Macintosh &
Dissanayake, 2004; Matson, 2007).

In addition, there is a wide developmental and behavioral heterogeneity within each group
in the spectrum with wide ranging symptoms (S.E. Levy et al, 2009). Some children display
signs of developmental delay within the first 18 months of life, however, 25-40% of children
with autism initially demonstrate near-normal development until 18-24 months, when they
regress into an autism that is generally indistinguishable from early onset autism (Ozonoff
et al., 2008). Some children develop language while others remain non verbal; some display
interest in social interaction while others remain secluded; some manifest repetitive or
obsessive compulsive behavior patterns while others do not; some respond well to
therapeutic intervention while others show limited progress (Ben-Itzchak & Zachor, 2007;
Charman et al., 2011; Luyster et al., 2008; Pelphrey et al., 2011).

Furthermore, co-morbidity is highly prevalent in ASD. For example, 40-75% of children
with ASD are mentally retarded (Fombonne, 2003; Newschaffer et al., 2007) and epilepsy is
reported in up to one third of children (Jeste, 2011). Several genetic diseases have also been
associated with autism including Fragile-X and Tuberous sclerosis complex (Benvenuto at
al., 2009).

Protocol parameters and the various image processing approaches used in imaging studies,
may also affect results. Some studies used volume of interest definition, either by manual
selection or using reconstruction of a specific fiber bundle (i.e. fiber tractography) while
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others used whole brain comparison (including voxel based DTI analysis and tract-based
special statistics (TBSS)). Several inherent differences between these two approaches may
account for some of the contrasting results reported in the literature (Alexander et al., 2007).

5.3 Is studying autism as a syndrome the right direction?

Autism has diverse clinical manifestations, behavioral phenotypes, developmental
dimensions and genetic origins, all of which complicate research and clinical practice with
regard to etiology, the selection of appropriate interventions and the search for biomarkers.
Most DTI studies in autism were performed on high functioning subjects, since scanning
subjects with low functioning disorders is more difficult. It is therefore debatable whether
similar findings can be expected among these heterogeneous groups and whether any
conclusions can be drawn about the whole spectrum or generalized to other groups, based
on findings in one particular group.

Recently Happe et al (Happé et al., 2006) argued that attempts to propose a unified account
of autistic symptoms failed at all levels of analysis - genetic, imaging and behavioral.
Bearden & Freimer (Bearden & Freimer, 2006) claim that the inherent imprecision of
behavioral phenotyping is probably the most important factor contributing to the failure to
discover the biological factors involved in psychiatric and neurodevelopmental disorders. In
a recent review article, Levy and Ebstein (Y. Levy & Ebstein, 2009) argue that syndrome
heterogeneity, cross-syndrome similarities and syndrome comorbidities challenge the
relevance of syndromes to biological research, and that cohort selection based on cross-
syndrome trait classification would be more accurate than based on syndromic groups.

6. Conclusions

In summary, current theories of neural deficiencies in autism emphasize the first few years
of life as a key period when abnormalities in the development of neural circuitry occur,
along with the first behavioral signs of autism. These abnormalities, which can be detected
on the basis of group differences, persist into adulthood. Despite recent advances in autism
research, early childhood neuroimaging studies are few and far between, hindering
investigation of the developmental nature of autism. Thus the specific relationship between
etiology, mechanisms, genetic and imaging markers and the ensuing behavioral
abnormalities remains unclear.

Abnormal trajectories in WM development in autism, resulting in impaired connectivity,
have been demonstrated by imaging studies. While several mechanisms may account for the
increased brain volume in young children, DTI can detect microstructural changes and
might help to reveal the neurobiology underpinning autism. Based on recent findings, it is
suggested that accelerated myelination might be one of the processes occurring at a young
age in subjects with autism.

Subjects with autism exhibit changes in diffusivity values with age. Higher FA values along
with reduced MD were detected in young children with autism, while reduced FA and
increased MD were reported at older ages. The shift of FA from higher to lower values
results in a period of suggested "pseudo-normalization" which seems to occur between the
ages of 7-13 years. This hypothesis accounts for the seemingly controversial results detected
in young children versus adolescents and young adults.

There are many contrasting reports regarding the location of abnormalities within the brain
of subjects with autism, both during adolescence and at younger ages. This might support
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asynchrony in maturational processes in different brain regions which may be the basis for
abnormal connectivity and behavior. Studies performed at young ages may be able to detect
congenital neurobiological pathologies and distinguish these from acquired impairments
that are more likely to be detected at older ages.

Longitudinal studies in a large cohort may be the best way to solve the autism puzzle.
Integrating several approaches, including genetic, postmortem and imaging, may be the
only way to provide answers concerning the neuropathology of autism (Schumann &
Nordahl, 2010). In addition, a multimodal approach in imaging studies, which has
demonstrated major advantages in several brain pathologies and in a recently published
study of autism (Ecker et al., 2010), should be incorporated in future studies.

Future research should focus on subgroups with specific traits of the autistic disorder, or
endophenotypes such as language impairment, in order to provide promising avenues for
understanding the neurobiological processes underlying autism. Future studies will reveal
whether differences are detectable on an individual basis; whether imaging results can be
powerful enough to be included in the diagnostic criteria of autism; and whether reported
imaging findings are specific enough to differentiate autism from other developmental
disorders.
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1. Introduction

Autism spectrum disorders (ASD) and epilepsy are among the most devastating and
common neurological disorders of childhood, with an estimated incidence of about 0.5 - 1%
in worldwide population. Autism and epilepsy are often associated: about 30% of autistic
patients develop epilepsy, and a relevant percentage of epileptic patients in paediatric age
shows ASD symptoms. This suggests that - at least in certain cases - common
neurodevelopmental bases may exist for these two diseases (Brooks-Kayal, 2010).

The neurodevelopmental bases of both autism and epilepsy have been clearly showed by a
number of clinical, neuroimaging and neuropathological studies. A large series of evidence
also indicates that both autism and epilepsy have a primarily genetic origin. A wide variety
of genes have been associated to these diseases, including genes regulating brain
development, gene transcription, synaptic scaffolding, neurotransmission and signal
transduction. Indeed, genetic heterogeneity is recognised as a typical feature of both autism
and epilepsy, meaning that different mutations may result in similar disease phenotypes.
Since autism and epilepsy are neurological disorders involving multiple genes and resulting
in complex pathological traits, understanding the underlying mechanisms is a very difficult
task. Moreover, even though the two diseases may have a common neurodevelopmental
origin, a precise link between these two pathologies still remains to be determined.

In recent years, inhibitory circuit dysfunction gained increasing attention in ASD research.
y-aminobutyric acid (GABA) is the major inhibitory neurotransmitter in the brain, and
human genetics studies clearly indicate an association between ASD and genes for GABA
receptor subunits as well as genes controlling GABAergic neuron development or
GABAergic synapse structure. Moreover, recent studies, performed on both animal models
and postmortem human samples, suggest that GABAergic neurons and circuits may be
altered in ASD. It is likely that the imbalance between excitation and inhibition resulting
from neurodevelopmental defects in GABAergic circuitry might represent a common cause
for ASD and epilepsy. Here, we will review the genetic, cellular, anatomical and
neurophysiological studies that support this hypothesis.
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2. Genetic determinants of ASD

ASD represent a group of very heterogeneous group of neurodevelopmental disabilities of
proven genetic origin, with an incidence of about 60-70/10,000 (Fombonne, 2009). A gender
distortion is observed in ASD (4:1 males to females ratio; Abrahams & Geschwind, 2008),
reflecting a possible involvement of the X chromosome or imprinting mechanisms. The
genetic factors play an important role in the pathogenesis of these diseases (Persico et al.,
2006), as documented by the recurrence risk in families and twin studies. These studies
show a concordance rate of 82-92% in monozygotic versus 1-10% in dizygotic twins.
Heritability is estimated above 90% and sibling recurrence risk is above 6-20% (Abrahams &
Geschwind, 2008; Toro et al., 2010). The genetic architecture of ASDs is complex; only 10-
20% of ASD patients have an identified genetic etiology, whereas in the majority of patients
the origin of the disorder remains unknown. Genetic forms of ASD include monogenic and
complex disorders, as well as chromosomal abnormalities. Monogenic disorders include
neurofibromatosis (NF1), fragile X syndrome (FMR1), tuberous sclerosis (TSC1, TSC2),
Angelman syndrome (UBEA3A) and Rett syndrome (MECP2), covering only the 2-5% of the
ASD cases (Hatton et al., 2006). Cytogenetic investigations and genome-wide scans have
been performed to identify chromosomal regions containing ASD susceptibility genes.
Results from these genome-wide linkage scans indicate potential susceptibility regions that
spread across the entire genome, but only a few loci (Freitag, 2007; Yang & Gill, 2007). The
most common chromosomal rearrangement is the maternal duplication of 15q11-q13, which
accounts for approximately 1-2% of ASD cases (Vorstman et al. 2006). Recent genome-wide
association (GWA) studies have identified novel candidate loci between the cadherin genes
CDHY9 and CDHI10 (5p14.1; Wang et al., 2009) and between the SEMAS5A and TAS2R1 genes
(5p15.2 ; Weiss et al., 2009). In addition, the Autism Genome Project (AGP) Consortium has
genotyped 1,558 ASD families for one million single nucleotide polymorphisms (SNPs),
identifying a novel locus near the gene MACROD?2 (20p12.1; Anney et al., 2010). Syndromic
forms of ASD have been associated with both copy number variations (CNVs) and rare
mutations in several genes, including SHANK3, NLGN3, NLGN4, NRXN1 and HOXA1
(Lintas & Persico, 2009). A recent extensive metanalysis of the literature (Betancur, 2011)
allowed identification of 103 disease genes and 44 genomic loci reported in subjects with
ASD or autistic behaviour. It is interesting to note that the vast majority of these genes and
loci have been also causally implicated in epilepsy (including genes regulating brain
development, gene transcription, synaptic scaffolding, neurotransmission and signal
transduction), suggesting that these two neurodevelopmental disorders share common
genetic bases (Betancur, 2011). Specifically, several evidences suggest that an impairment of
inhibitory neurotransmission may constitute a fundamental event in the development of
both ASD and epilepsy (Rubenstein & Merzenich, 2003). Since GABA is the major inhibitory
neurotransmitter in the brain, here we briefly summarize the genes involved in GABAergic
dysfunction and their relation with susceptibility to ASD and epilepsy.

2.1 Genes regulating GABAergic neuron development

Several genes control the process of development of GABAergic neurons, including DLX1,
DLX2, MASH1 and RELN (Wonders & Anderson, 2006). The DLX1 and DLX2 genes encode
homeodomain-containing transcription factors and are located head-to-head on
chromosome 2q31, a region previously associated to autism susceptibility in several
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genome-wide linkage studies. Two studies examining SNPs in the DLX1 and DLX2 genes
have found an association with ASD, suggesting that common genetic variations in these
genes play a critical role in the disease (Liu et al., 2009; Chang et al., 2010). GABAergic
neuron development dysfunction may also occur in conjunction with abnormalities in the
RELN gene, coding for the extracellular matrix glycoprotein Reelin which is involved in
neuronal migration and lamination of the cerebral cortex during embryogenesis (Forster et
al., 2002). RELN maps to 7q22 human chromosome (De Silva et al., 1997). Linkage in this
region is among the most robust genetic findings in ASD. In family-based and case-control
studies the 5-untranslated region (5'-UTR) GGC repeat alleles was associated with ASD
(Persico et al.,, 2001). Importantly, Reelin (the product of RELN gene) is expressed in
GABAergic neurons the adult brain (van Kooten et al., 2005).

Among the numerous ASD associated genes, EN2 (coding for the homeobox-containing
transcription factor Engrailed-2) was originally shown to be involved in posterior brain
(mesencephalon/hidbrain) embryonic development (Joyner et al., 1991). Recent studies on
En2 null mice suggest that En2 deletion may alter GABAergic circuitry in the adult brain
(Tripathi et al., 2009; see section 3.3.2). EN2 maps to a region of chromosome 7 implicated in
ASD susceptibility, and GWA studies indicated EN2 as a candidate gene for ASD (Benayed
et al., 2009). Namely, two SNPs in the human EN2 gene have been associated to ASD, one of
which (rs1861973, A-C haplotype) is functional: when tested in a luciferase reporter assay in
rat, mouse and human cell lines, this SNP markedly affected EN2 promoter activity
(Benayed et al., 2009).

2.2 Genes coding for GABAA, receptor subunits

Genes coding for GABA receptors has been extensively studied to evaluate their role in the
pathogenesis of ASD. Three classes of GABA receptors exist in the mature mammalian
brain, named as GABAA, GABAp and GABA-rho (GABAc). GABA,4 receptor is a ionotropic
receptor that allows chloride ion fluxes through the neuronal membrane. Nearly 20 GABAA
subunits have been reported in humans (Olsen & Sieghart, 2009). Mutations in GABAA
receptor subunits genes have been associated to ASD. The chromosome 15q11, containing
the genes coding the three GABA, receptor subunits a5, f3 and y3 (GABRA5, GABRB3 and
GABRGS, respectively) has been linked to ASD, and SNPs in the above mentioned genes
have been associated to ASD (Buxbaum et al., 2002; Hogart et al., 2007, 2009). It is interesting
to note that, among these genes, GABRB3 has also been indicated as susceptibility gene for
childhood absence epilepsy (Urak et al., 2006).

2.3 Genes involved in GABAergic synapse structure and function

Different genes involved in the development and function of inhibitory GABAergic
synapses have been associated to ASD. Neurexins (NRXNs) are presynaptic proteins,
binding postsynaptic neuroligins. This interaction is thought to trigger postsynaptic
differentiation and control the balance of inhibitory GABAergic and excitatory
glutamatergic inputs (Graf et al., 2004; Scheiffele et al., 2000). There are three NRXN genes
(NRXN 1-3) in mammals; among these, mutations and chromosomal rearrangements in
NRXNT1 has been associated with ASD (Feng et al., 2006; Kim et al., 2008; Wisniowiecka-
Kowalnik et al.,, 2010). Recently it has been shown that NRXNs can bind not only
Neuroligins (NLGNs) but also GABA, receptors (Zhang et al., 2010). The effect of this
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ligand-receptor interaction decreases GABAergic transmission. NLGNs are neural cell
adhesion molecules, which act as ligands for neurexins (Graf et al., 2004; Scheiffele et al.,
2000). NLGNs play a key role in the formation, organization, and remodeling of synapses
and different isoforms are associated with different synaptic types. NLGN1, NLGN4X and
NLGNA4Y are localized at glutamatergic synapses (Persico et al., 2006; Craig & Kang, 2007).
NLGNB3 is present in both excitatory and inhibitory synapses (Chih et al., 2005; Budreck &
Scheiffele, 2007), whereas NLGN?2 is located in GABAergic synapses (Craig & Kang, 2007;
Persico et al., 2006; Varoqueaux et al., 2006). Mutations in NLGN1, 3 and 4X genes have been
identified in patients with familial ASD (Jamain et al.,, 2003; Laumonnier et al., 2004;
Lawson-Yuen et al., 2008).

The MECP2 gene, coding for the epigenetic regulator methyl-CpG-binding protein 2, is the
causative gene for Rett syndrome, which belong to the family of ASD. Rett syndrome is
characterized by loss of language capability, motor stereotyped behaviors, severe mental
retardation and seizures (Chahrour & Zoghby, 2007). Recent studies indicate that Mecp2
dysfunction in GABAergic interneurons severely impacts GABA signaling and results in
ASD-like phenotypes in the mouse (Chao et al., 2010; see section 3.3.6).

Fragile X syndrome (FXS) is one of the disorders included in ASD. FXS is caused by an
expansion of the trinucleotide repeat in the promoter region of the fragile X mental
retardation 1 (FMR1) gene (Verkerk et al., 1991). FMR1 gene encodes the fragile X mental
retardation protein (FMRP), a mRNA binding protein with a key role in the intracellular
transport and translation of 4-8% of synaptic proteins (Bassell & Warren, 2008). Recent
evidence also indicates the involvement of the GABAergic system in the pathogenesis of
FXS (D’'Hulst & Kooy, 2007, 2009; Olmos-Serrano et al., 2010; see also 3.3.7).

3. Deficits of GABAergic neurons and circuits in ASD

From the literature data reported in the previous chapter, it is evident that genetic defects in
genes regulating GABAergic neuron development as well as GABAergic synapse structure
and function are crucially involved in ASD pathogenesis. Alterations of GABAergic neurons
and circuits have been reported in postmortem brain tissue samples from ASD patients, as
well as in mouse models of the disease. Here we will review the more significant findings
from these studies.

3.1 GABAergic neuron defects in the brain of ASD patients

The analysis of postmortem tissues revealed that many brain regions are affected in ASD
patients, including the cerebral cortex, limbic system and cerebellum. Minicolumns
represent the cellular and functional organization of glutamatergic and GABAergic neurons
in the cerebral cortex (De Felipe et al., 1990; Mountcastle, 1997; Polleux & Lauder, 2004).
Minicolumns are anatomically characterized by vertical arrays of pyramidal neurons with
their dentrides and axon projections. Pyramidal cells arrays are accompanied by their
GABAergic interneurons that establish synapses with pyramidal cells bodies, their axons
emergences and dentrites. A narrowing of cortical minicolumns (namely, a reduced distance
between columns) has been shown in ASD patients (Casanova et al., 2002). This reduced
intercolumnar distance was proposed to depend on structural/anatomical defects in
GABAergic interneurons surrounding principal pyramidal cortical neurons (Casanova 2003;
Casanova & Trippe 2009, Raghanti et al., 2010). An increased cell density and a reduced cell
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size have long been reported in the limbic system of ASD patients (Kemper & Bauman,
1993). More recently, a significant increase in the number of parvalbumin-, calbindin- and
calretinin-positive interneurons has been reported in the hippocampus of ASD patients
(Lawrence et al.,, 2010). In the cerebellum, a clear reduction in the number of inhibitory
Purkinje neurons has long been reported in ASD postmortem tissues (Kemper & Bauman,
1993). More recent studies confirmed the selective loss of calbindin-positive Purkinje cells
but not parvalbumin-positive stellate and basket interneurons in the ASD cerebellum
(Whitney et al., 2008, 2009).

3.2 GABAergic signaling deficits in the brain of ASD patients

Several studies suggest a GABAergic signaling dysfunction in ASD, mainly due to altered
levels of the GABA synthetic enzyme (glutamic acid decarboxylase, GAD) and GABA
receptors. Two GAD isoforms exist, named GAD65 (GAD2) and GAD67 (GAD1),
respectively localized on chromosome 10 and 2 in humans (Karlsen et al., 1991; Kaufman et
al., 1991; Martin & Rimvall, 1993). Several studies were conducted in post-mortem brains of
autistic patients focusing on parietal cortices and cerebellar alterations in terms of GAD
proteins amount and Purkinje cells quantification. A 50% reduction in GAD65/67 proteins
levels was reported in the cerebellum and parietal cortex from ASD patients (Fatemi et al.,
2002). Accordingly, reduced levels of GAD67 and GAD65 mRNAs were also detected in
Purkinje cells and dentate nuclei neurons in the cerebellum from ASD cases (Yip et al., 2007,
2008). Interestingly, the same author also reported an increase of GAD67 mRNA levels in
GABAergic basket cells in the cerebellar molecular layer that was interpreted as a
compensatory up-regulation to supply the loss of Purkinje cells in ASD brains (Yip et al.,,
2008). Several studies showed a significant decrease in GABAA receptor a4, a5, f1 and 3
subunits (Blatt et al. 2001; Fatemi et al., 2010, Samaco et al. 2005), as well as a significat
reduction of benzodiazepine (the GABAA receptor ligand) binding sites (Oblak et al., 2011)
in ASD brains. GABAp receptors were also reduced in restricted regions of the cerebral
cortex from ASD patients (Oblak et al., 2010). Importantly, a recent preliminary study
performed by transcranial magnetic stimulation allowed to detect a reduced cortical
inhibition (interpreted as a possible disruption of GABA, receptor activity) in the brain of a
subset of ASD patients (Enticott et al., 2010). Taken together, these data support the
hypothesis of a GABAergic signaling deficit in ASD.

3.3 Evidence from animal studies

Impaired function of inhibitory circuits has been proposed as a major pathogenic cause of
ASD (Rubenstein & Merzenich, 2003). Evidence is essentially limited to human genetic
association studies as well as expression analyses performed on postmortem samples from
ASD and control patients (see above). Conversely, this hypothesis is strongly supported by a
vast number of studies performed on animal models recapitulating different aspects of the
ASD pathology. So far, several transgenic and pharmacological mouse models have been
developed to mimic different features of ASD-like syndromes. These include mutant mice
for DLX1/2, EN2, GABRB3, RELN, NLGN3, MECP2 and FMR1.

Different anatomical and functional deficits of the GABAergic system were discovered in all
these mouse models, and loss of parvalbumin (PV) expressing interneurons seems to be a
hallmark of ASD-like dysfunctions in all models analyzed. The physiological formation of
synaptic connections between PV-positive interneurons and principal pyramidal neurons
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has been implicated in functional maturation of the postnatal cerebral cortex, and deficits
in this process have been proposed as a pathogenic mechanism of ASD (Di Cristo, 2007).
PV-positive interneurons approximately represent the 40% of GABAergic interneurons of
the cerebral cortex, and comprise basket and chandelier fast spiking cells (Rudy et al.,
2010). The other two principal groups of cortical interneurons are somatostatin (SST)
positive neurons (about 30%) and neurons expressing the 5HT3a serotonin receptor
(about 30%); other less-represented cortical interneuron subtypes are those expressing the
calcium binding proteins calretinin (CR) and calbindin (CB) and neuropeptide Y (NPY)
(Rudy et al., 2010). Defects in different interneuron subtypes, and more generally in the
anatomical organization and physiological function of the GABAergic system, have been
reported in several mouse models of ASD. The principal findings are described in the
following paragraphs.

3.3.1 DIx1/2 knockout mice

The family of DIx homeobox transcription factors regulates the development of inhibitory
interneurons; members of this family, namely DIx1, DIx2, DIx5, and DIx6, control the
differentiation of GABAergic neurons in basal ganglia and cerebral cortex (Pleasure, 2000).
The principal finding reported in DIx1/2 mutant mice is a migration defect of GABAergic
interneurons into the cerebral cortex (Anderson et al, 1997a, 1997b). DIx1 null mice
displayed a selective loss of SST-, NPY-, CR- and reelin-expressing interneurons
accompanied by reduced GABAergic inhibitory transmission and late-onset epilepsy (Cobos
et al., 2005). More recently, additional behavioural abnormalities (such as conditioned fear
response) linked to impairment of GABAergic systems were described in DIx1-null mice
(Mao et al., 2009).

3.3.2 Engrailed2 knockout mice

En2 null mice have been proposed as a model for ASD, due to their complex anatomical and
behavioural phenotype. En2 null mice display cerebellar hypoplasia and a reduced number
of Purkinje cells (Joyner et al., 1991; Kuemerle et al., 1997). These abnormalities resemble
some of those reported in ASD (see section 3.1). Importantly, ASD-like behaviours such as
decreased play, reduced sociality and impaired spatial learning and memory were described
in these mutants (Cheh et al., 2006). Recently we showed an increased susceptibility to
seizures in En2 null mice, that was accompanied by reduced PV immunostaining on cell
bodies of CA3 pyramidal neurons, and reduced SST immunostaining in the the stratum
lacunosum moleculare of the hippocampal formation (Tripathi et al., 2009). These findings
suggest that the En2 gene may be involved in GABAergic system development and
maintenance, and altered En2 function may be a common cause of ASD and seizures.

3.3.3 GABRB3 knockout mice

Mice lacking the GABA, receptor subunit B3 (GABRB3) display high mortality rate and
symptoms consistent to Angelman’s syndrome, including learning and memory deficits,
poor motor skills, stereotyped behaviours and seizures suscetibility (Homanics et al., 1997;
DeLorey et al., 1998). More recently, GABRB3 gene deficient mice have been shown to
exhibit impaired social and exploratory behaviors, deficits in non-selective attention and
hypoplasia of cerebellar vermal lobules, thus resempling a wide renge of ASD phenotypes
(DeLorey et al., 2008).
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3.3.4 Reeler mice

Reelin is an extracellular glycoprotein belonging to the family of serine proteases (Fatemi et
al., 2005). Reelin binding to membrane receptors enhances signal transduction pathways
leading to synaptic plasticity and axonal growth (Beffert, 2005). Reeler mice are lacking the
Reelin gene. In these mice, neuronal migration in the cerebral cortex is dramatically
impaired. This results a disorganization of laminated brain regions as cerebral cortices and
cerebellum (Curran & D’Arcangelo, 1998). Reeler also mice show a decrease of dentritic
spine density and a decreased GABA metabolism turnover (Carboni, 2004). ASD-like
behaviours and loss of PV interneurons was recently reported in Reeler mice (Macri et al.,
2010).

3.3.5 NLGN3 knock-in mice

Mice carrying the R451C mutation in the NLGN3 gene show behavioural phenotypes
related to ASD (lack of social behaviours, reduced ultrasound vocalization; Radyushkin et
al., 2009; Tabuchi et al., 2007). In addition, Nlgn3 R451C knock-in mice present an increase in
the number of GABAergic synapses (as evaluated by vesicular GABA transporter and
gephyrin immunostaining) and in the amplitude of inhibitory currents, suggesting that the
R451C mutation switches Nlgn3 synaptic specificity from glutamatergic to GABAergic
(Tabuchi et al., 2007). Further characterization of these mutants demonstrated that loss of
parvalbumin-positive basket cells is detectable across the two hemispheres in these mice
(Gogolla et al., 2009).

3.3.6 Mecp2 knockout mice

Several conditional MeCp2 mutants mice were generated in order to remove Mecp2 from
distinct neuronal populations. With respect to ASD, the most interesting data were recently
obtained in conditional mutants lacking Mecp2 in inhibitory neurons expressing Viiat
(Vesicular inhibitory aminoacid transporter, required to load GABA and glycine into
synaptic vesicles) (Chao et al., 2010). Viaat-Mecp2 conditional mutants started to exhibit
ASD-like repetitive and stereotyped behaviours, developing also self-injury behaviours.
Interneurons immunolabelling in Viaat-Mecp2 mutants also showed a reduction of GAD65
and GAD67 mRNA in the cerebral cortex. Mecp2 loss in inhibitory neurons also resulted in
EEG abnormalities and seizures. Moreover, electrophysiological recordings showed
decreased miniature inhibitory post-synaptic currents (mIPSC) in cortical slices of Viaat-
Mecp2 mutants, demonstrating that Mecp2 deficiency in GABAergic neurons determines a
reduction of GABA neurotransmitter release due to a reduction of GAD amount in
presynaptic terminals. Thus, loss of Mecp2 in inhibitory neurons might be a crucial
determinant of severe forms of ASD.

3.3.7 Fmr1 knockout mice

Several studies show a strong reduction in the expression of GABA4 receptor subunit
mRNAs and proteins in adult Fmr1 knockout mice (Adusei et al., 2010; D’'Hulst et al., 2009),
that is accompanied by abnormal GABAergic transmission (Centonze et al., 2008; Curia et
al., 2009), deficits of PV (but not CB- or CR-) cortical interneurons (Selby et al., 2007) and
increased audiogenic seizure susceptibility (Musumeci et al., 2007). Table 1 summarizes the
major GABAergic deficits described in ASD mouse models.
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Mouse Genetics Signaling Anatomy Behaviour Seizures tSeeXctt tonsm
e
DIx1/2 .
Dix1/2 genes found defects Impa.l r'ed Late-onset 2.1
null o - Loss of SST, conditioned epileps 331
ASD NPY, CR and fear response Y -
. reeling
patients .
interneurons
Cerebellar Learning and
SNP found . memory
En2 in hypoplasia deficit Increasg?d. . 21
null ASD ) Reduce'd P v :cmd Reduced susce.p’?lblhj(y 332
. SST staining in . to kainic acid
patients hipbocampus social
PP P behaviours
Learning and
Mutation in memory 20
Gabrb3 Gabrb3 Cerebellar deficit ’
. - . . Yes 3.3.3
null linked to hypoplasia Stereotypies 421
ASD Attention -
deficits
Neuronal
migration
defects
GGC repeat |Decreased Ab 1
in5UTR  |GABA norma ASD-like 21
Reeler . . lamination of . Yes
associated |metabolism behaviours 3.34
. cerebral cortex
with ASD turnover
and cerebellum
Loss of PV
interneurons
Increased .
R451C mumber of Lack O.f social
Nlgn3 L . behaviours
mutation is |Increased GABAergic 2.3
R451C . Reduced -
knockain causative of |IPSCs synapses ultrasound 3.3.5
ASD Loss of PV .
. vocalization
interneurons
Mecp2 Decreased
Mecp2 mutationis |GAD Loss of GABA .
knockout . . ASD-like 23
. causative of |mRNA interneurons . Yes
in GABA behaviours 3.3.6
neurons Rett Decreased |(cerebral cortex)
syndrome |IPSCs
Reduced
Fmrl GABAA
Fmrl mutatl.on is recept(')r Foss of PV Audiogenic 23
null causative of |subunit interneurons - ceizures 337
Fragile X mRNAs (cerebral cortex) o
syndrome |and GABA
transmission

Table 1. GABAergic defects in genetic mouse models of ASD.
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4. GABAergic dysfunction in autism and epilepsy

Epilepsy is a neurological disorder characterised by spontaneous recurrent seizures.
Epilepsy, similar to ASD, is increasingly being considered as a spectrum disorder due to the
range of pathologies, seizures and behavioural and cognitive deficits associated with it
(Jensen, 2011). As with ASD, epileptic seizures are considered to be as a result of imbalance
between excitation and inhibition in the brain (Bradford, 1995; Olsen & Avoli, 1997). It is of
particular relevance to developmental disorders, since seizures are the most common
neurological emergency in children and occur most frequently in the first two years of life
(Hauser, 1990; Chin et al., 2006), a critical period in brain development.

A strong association has been shown between epilepsy and ASD. The incidence of epilepsy
in ASD has been reported to be between 5 - 40% (Canitano, 2007). Factors such as referral
criteria, age and severity of cognitive impairments all contribute to the variability in report
rate (Canitano, 2007; Tuchman et al., 2009). Children that co-express autism and epilepsy
show a poorer outcome in cognitive and adaptive behaviour than those without epilepsy
(Danielsson et al., 2005; Hara, 2007). The severity of the epilepsy phenotype seems to be
closely related to the severity of ASD and is not associated with one particular type of
seizure; simple and complex partial seizures, atypical absence, tonic-clonic and myoclonic
seizures have all been reported. In particular, coexpression of mental retardation with
autism is a risk factor for epilepsy (Volkmar & Nelson, 1990). Early onset of seizure is also
an indicator of poor outcome in children with ASDs with more developmental disorders
and greater seizure intractability reported (Wong, 1993; Bombardieri et al., 2010). “Seizures
beget seizures” was a phrase coined by Sir William Gowers in 1881 and it may go some way
to explaining this poorer outcome associated with early onset of ASD and seizures. Where
seizures are initially a manifestation of the underlying imbalance in excitation/inhibition
they may ultimately contribute to progressive increase in seizure severity and secondarily,
behavioural and cognitive deficits. This is particularly evident in the developing brain
where susceptibility to seizure-induced neuropathology leads to epilepsy and further
cognitive deficits in later life (Ben-Ari, 2006; Ben-Ari & Holmes, 2006). Here we examine the
link between ASD and epilepsy with particular focus on the role of GABAergic dysfunction
of the pathogenesis of these diseases. In particular, we will describe some of the key human
and animal studies further outlining the link between epilepsy and ASD (e.g., the presence
of mental retardation) and the potential mechanistic role of GABA dysfunction.

4.1 Clinical evidence of a role for GABAergic involvement in epilepsy-autism
disorders

An increasing number of studies have implicated the GABAergic system dysfunction in
epilepsy and ASD. Chromosome 15q, which contains genes coding for GABA receptor
subunits, has been reported to be a common site for mutations in ASDs (Schroer et al., 1998).
This data is further supported by association studies linking GABA receptor subunit genes
and SNPs associated with autism and seizures (Collins et al., 2006). An increasing body of
evidence suggests a downregulation of GABAergic function is critical in ASD-associated
epilepsy. Quantitative receptor autoradiographic studies examining the density and
distribution of GABAergic subunits indicated a downregulation of GABAergic function in
the hippocampus of ASD patients with seizures (Blatt et al., 2001). Furthermore, altered
packing of GABAergic interneurons in the CAl and CA3 hippocampal subfields where
malformations are associated with the generation of seizures (Bauman & Kemper, 2005).
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Supporting this human studies have demonstrated that there is a loss of inhibitory
interneurons in the epileptic brain (Zhu et al., 1997; Wittner et al., 2001).

As outlined above, FXS is one such autism-related disorder that is a leading cause of mental
retardation (Bardoni et al., 2006). It is also strongly associated with abnormal EEG activity
with a mean epilepsy prevalence of between 22 - 25% (Wisniewski et al., 1991; El Idrissi et
al., 2005). Fragile X appears to have a wide profile with some reporting a benign condition
with generalised seizures responding well to antiepileptic drugs (AEDs) treatment
(Wisniewski et al., 1991) that disappear after childhood. Other groups report long lasting
generalised and partial epilepsy and EEG abnormalities in adults with fragile X
(Sabaratnam, 2000). Furthermore, Gauthey et al describe a more severe phenotype with
children with fragile X presenting with status epilepticus (seizures lasting > 30 min) at their
initial seizure with recurrent prolonged seizures on follow-up (Gauthey et al., 2010). Status
epilepticus in the developing brain is known to significantly increase the risk of epilepsy,
hippocampal sclerosis and further behavioural and cognitive deficits in later life in human
and animals studies (Raspall-Chaure et al., 2006; Dunleavy et al., 2010). There is a large
amount of data from animal studies (described above) to support a role for disruption of
normal GABAergic function in seizure generation in FXS.

Rett syndrome is a postnatal neurodevelopmental disorder typically emerging between 6 -
18 months of age consisting of progressive loss of cognitive and motor function and the
emergence of epilepsy (Chahrour and Zoghbi, 2007). Seizures have been reported to be
present in between 50 - 90% of patients (Witt Engerstrom, 1992; Steffenburg et al., 2001). As
with FXS, epilepsy is most severe through childhood and young adulthood while the
phenotype ranges from mild seizures that are well controlled with AEDs to refractory
epilepsy, most common types being partial complex and tonic-clonic seizures (Steffenburg
et al., 2001; Jian et al., 2006).

4.2 Experimental evidence of a role for GABAergic involvement in epilepsy-autism
disorders

There are two main aspects to the role of GABA dysfunction in the pathogenesis of epilepsy
in autism. Firstly, absence of GABA signaling results in loss of inhibitory neuronal firing
that normally prevents the spread of paroxysmal discharge. Furthermore, normal
GABAergic function is integral in the brain development alteration in this function can have
significant effects on neuronal migration, differentiation, synaptogenesis and -circuit
formation. Presently, we will outline the current data from animal studies and examine the
mechanisms involved in these processes.

4.2.1 Reduced GABA transmission

GABAergic inhibition can be affected in two ways, presynaptically by a reduction in GABA
release into the synapse or postsynaptically by an alteration in GABA receptor function.
There is some evidence that both of these situations may contribute in epilepsy-autism
disorders. GAD65 is one of two glutamate decarboxylase isoforms that synthesis GABA in
the brain. Previously linked to animal models of ASD, GAD65 knockout mice have also been
shown to display an epileptic phenotype, with animals undergoing spontaneous seizures
involving the limbic system (Kash et al., 1997). The presence of the seizures and altered
behaviour was attributed to the loss of tonic inhibition to prevent hyperexcitability in the
developing nervous system (Stork et al., 2000). GABA receptor dysfunction has been well
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documented the hippocampus and neocortex in human epilepsy (Loup et al., 2000, 2006).
Animal models of temporal lobe epilepsy (Pirker et al., 2003) and absence seizures (Li et al.,
2006) suggest alterations in receptor subunit expression and receptor localization as
potential mechanisms. Data is limited for epilepsy-autism disorders, however mice lacking
the GABA, receptor subunit B3 (see above) displays altered EEG along with a reduced
threshold to chemoconvulsant seizures (DeLorey et al., 1998; Liljelund et al., 2005).

4.2.2 Altered brain development as a result of GABAergic dysfunction

In addition to the direct effect of altered GABA system on the ability of interneurons to
inhibit the generation of synchronized discharges, there are a vast array of ASD candidate
genes involved in secondary regulation of the GABAergic system during development that
may play a role in the pathogenesis of epilepsy-autism disorders.

The effects of Mecp2 and En2 mutations on interneuron and seizure susceptibility has been
described in the previous sections. Similarly, deficits in inhibitory interneurons and reduced
seizure threshold were observed in neuropilin 2 (NPN2) deficient mice (Gant et al., 2009).
The gene for NPN2 (also known as NRP2) is coded for at 2q34, a region known to be
strongly associated with autism (Wu et al., 2007). NPN2 functions as a chemorepulsive
receptor for the axon guidance molecule Semaphorin 3F, and together regulate neuronal
migration and differentiation, contributing to brain development and network formation.
NPN2 deficient mice had shorter seizure latencies, increased vulnerability to seizure-
induced neuronal death and developed chemically-induced spontaneous recurrent seizures
(Gant et al., 2009). Importantly, NPN2 null mice had a reduced number of GABA, PV and
NPY interneurons (Gant et al., 2009).

As described in the table above, Fmrl mutant mice also showed increased susceptibility to
audiogenic seizures (Musumeci et al., 2000) but not chemoconvulsants (Chen & Toth, 2001).
An imbalance in the inhibition-excitation system (mainly due to reduced GABAAx receptor
expression; El Idrissi et al., 2005) is thought to be the major cause of increased susceptibility
to seizures in these mutants. Importantly, hyperexcitibility of Fmrl mutant mice was shown
to be reduced by pharmacological intervention with a GABAergic agonist, augmenting tonic
inhibitory tone (Olmos-Serrano et al., 2010).

Taken together, all these data provide a sound rationale for proposing GABA dysfunction,
primarily through loss of GABA transmission, and secondarily, through altered circuit
formation in development, as a potential link between epilepsy and autism, possibly even a
common pathology. The range of genes involved may reflect the spectrum of pathologies
associated with autism and epilepsy and warrant more detailed investigation. Overall, these
data indicate that the ASD-epilepsy condition is a spectrum disorder within itself. It appears
that the severity of the autism condition, presence or absence of mental retardation, is
closely associated with the epilepsy phenotype, in seizure frequency, severity and
intractability. Early diagnosis and suitable treatment protocols are vital for successful
outcomes (Tuchman, 2000; Bombardieri et al., 2010). The Australian Rett Syndrome
Database (Laurvick et al., 2006) is an ongoing longitudinal study profiling the progression of
the disease in a growing cohort of cases. Similar properly constructed prospective clinical
studies throughout ASD could provide vital insights required to develop successful
therapeutic approaches for epilepsy in ASD. Key to advancing the experimental models will
be temporal and spatial conditional deletions of various levels of the signaling system will
allow greater insight into the contributions of the various genes in migration, differentiation
and circuit formation.
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4.3 Antiepileptic drugs in epilepsy-autism disorders

Due to the clinical heterogeneity of epilepsy and ASD significant issues exist regarding the
treatment of epilepsy in children with ASD. Current treatment of epilepsy in ASD patients is
based on the existing strategies for treating childhood epilepsy. Treatment with traditional
AEDs such as phenobarbital, valproic acid and lamotrigine have all been shown to reduce
abnormal EEG discharge (Depositario-Cabacar & Zelleke, 2010). Although, despite some
studies reporting improved cognitive performance following treatment, the results from
other studies are equivocal. It is clear, however, that there is an increased risk of the patient
being refractory to treatment where developmental disabilities coexist (Alvarez et al., 1998;
Airaksinen et al., 2000).

Studies of treatment on non autism-related epilepsies in children also raise a number of
concerns about effects of AED treatment which are relevant to the current discussion. GABA
is the principal inhibitory neurotransmitter in the adult brain. However, during embryonic
development and up until early postnatal development in both humans and rodents, high
expression of the Na*/K*/2Cl- (NKCC1) cotransporter and weak expression of the K+/Cl-
cotransporter (KCC2) are present. As a result, opening of the GABAergic channels leads to
depolarization and excitation of the neuron (Ben-Ari, 2002). There is an increasing body of
evidence that this property of GABAergic neurons in the developing brain plays a crucial
role in the development of normal neuronal circuitry, facilitating the development of both
inhibitory and excitatory synapses (Akerman & Cline, 2007). In this respect, the use of
GABAergic agonists to treat seizures in ASD children during developmental age might
increase excitation and could result detrimental. In addition, approximately 30% of children
are refractory to AED treatment (Treiman et al., 1998; Lowenstein, 2006). Furthermore, when
epileptic seizures are successfully suppressed, AED treatment is associated with decreased
cognitive and behavioural developmental outcomes (Loring et al., 2007), which may play a
role in exacerbating the autistic condition, or at least moderate the positive outcome from
absence of seizures (Tuchman, 2000). Careful monitoring for behavioural and cognitive side-
effects is required since they still have the potential to exacerbate the existing ASD-related
deficits. Elucidating the role of GABA dysfunction in autism-epilepsy disorders will provide
greater insight into the pathogenesis of these diseases and hopefully facilitate more targeted
approach producing improved outcomes in both disorders.

5. Conclusion

ASD and epilepsy both have a clear neurodevelopmental origin, and are characterized by a
high degree of genetic heterogeneity. Genes regulating brain development, gene
transcription, synaptic scaffolding, neurotransmission and signal transduction have been
implicated in their pathogenesis, indicating that these two neurodevelopmental disorders
may share common genetic bases. Indeed, epilepsy and ASD are often associated. Typically,
severe forms of ASD and ASD-related pathologies always present seizures. Defects in the
development, maintenance and function of GABAergic interneurons in the cerebral cortex
and other brain areas have been postulated as a pathogenic mechanism of ASD-epilepsy
syndromes. However, a direct, causal demonstration of a defect of GABAergic
neurotransmission in restricted brain areas of ASD patients is still lacking. Conversely,
evidence from several genetic mouse models of ASD strongly supports the hypothesis of
GABAergic dysfunction in ASD-epilepsy. In the near future, it will be crucial to use these
models to test the efficacy of GABAergic drugs to rescue ASD-like anatomical, physiological
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and behavioural deficits in preclinical studies. If successful, these studies might contribute
to developing novel therapies against human ASD.
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1. Introduction

Autism is a severe neuropsychiatric disorder characterized by impaired communication,
significant reduction in social interaction, and repetitive and stereotyped behaviour. It is
highly hereditable (Hoekstra et al., 2007); however, genomic alterations associated to autism
have been found only in less than a fifth of the total number of cases. How those alterations
ultimately cause the autistic phenotype is still very poorly understood. Besides genomic
abnormalities, environmental and epigenetic factors may also increase the risk of
developing autism or autistic traits. Prenatal exposure to rubella virus, cytomegalovirus, or
to the chemical substances thalidomide and valproate are among the non-genetic causes
linked to autism (Persico & Bourgeron, 2006), however causal relationships are not
established. Regardless of the origins of autism, neuropathological observations are
consistently found in several areas of autistic brains (Bauman & Kemper, 1985; Ritvo et al.,
1986), and abnormal patterns of synaptic connectivity are thought to be at the core of the
autistic disorder (Belmonte et al., 2004). Indeed, many of the genes associated with high risk
for autism and those increasing susceptibility are directly, or indirectly, involved in axon
guidance, neuronal signalling, metabolism, cell differentiation and synaptic homeostasis
(Weiss et al., 2009; Autism genome project consortium, 2007; Tabuchi et al., 2007; Toro et al.,
2010). Therefore, along with an early diagnosis (Limon 2007), the prevention and correction
of the abnormal connectivity, and the modulation of the synaptic function are the main
goals of current and future treatments of the pathological characteristics of the autistic
disorders.

Glutamate and GABA are the main excitatory and inhibitory neurotransmitters in the
human brain and both have important roles during early development of the nervous
system, an ontological stage when the evidence indicates that autism begins. Therefore, it is
important to analyse the functional status of glutamatergic and GABAergic
neurotransmission in the autistic brain. Cumulative evidence indicates that dysfunctional
excitatory and inhibitory synaptic activities underlie several of the characteristics of autism
and are, consequently, important targets of pharmacological intervention. In this chapter we
describe how glutamate and GABA receptors may participate in the aetiology of autistic
disorders and will discuss some of the methods that we have developed to study functional
and pharmacological properties of human membrane receptors. We include information
demonstrating that functional studies of GABA and glutamate receptors from autistic tissue
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are feasible and important for the development of new drugs aimed at the manipulation of
the GABAergic or glutamatergic systems in the autistic brain.

2. Evidence of glutamatergic dysfunction in autism

Glutamate is the main excitatory neurotransmitter in the vertebrate brain and its effects are
exerted mainly through metabotropic (mGlu) and ionotropic (iGlu) glutamate receptors
localized in the cellular membranes of neurons and glia. The iGlu receptors are tetrameric
proteins that mediate fast synaptic transmission and are grouped into three classes, according
to their differential affinity for the agonists N-methyl-D-aspartate (NMDA), kainate (KA), and
o-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) (Dingledine et al., 1999). The
metabotropic receptors belong to the G-protein-coupled receptor superfamily, and can be
divided in the group I (mGluR1 and mGluR5), group II (mGluR2 and mGIuR3) and group III
(mGluR4 and mGluR6-8) according to their agonist pharmacology, primary sequence and G-
protein effector coupling (Fagni et al.,, 2004). The increased probability of epilepsy in the
autistic population (Tuchman & Rapin, 2002) suggests that abnormally enhanced
glutamatergic signalling may contribute to some of the autistic characteristics. Indeed, there is
a slight positive correlation between plasma levels of glutamate and the severity of autism that
supports this hypothesis (Shinohe et al., 2006). Moreover, the cerebellum of autistic patients
had increased expression of mRNAs encoding the excitatory amino acid transporter 1
(EAAT 1) and the AMPA 1 receptor. Increments in those proteins would elevate the
extracellular concentration of glutamate and enhance the postsynaptic activity of
glutamatergic synapses (Puercell et al., 2001). Genome studies have found associations
between autism and GRMS8, which encodes the metabotropic glutamate receptor 8 (mGluR8)
(Serajee et al., 2003). This receptor is localized at or near presynaptic sites and when
activated, it negatively modulates the release of glutamate from the presynaptic terminal
(Cartmell & Schoepp, 2000); therefore, mGIuR8 dysfunction may lead to increased neuronal
activity. Interestingly, regional subsets of presynaptic GABAergic and glutamatergic
terminals innervating GABAergic interneurons are highly enriched with mGIuR8 receptors
in rat hippocampus (Ferraguti et al., 2005), suggesting that, if the same pattern is present in
the human hippocampus, abnormally expressed mGluR8 would produce aberrant
GABAergic activity and disrupt the temporal patterns of synchronic activity generated by
inhibitory interneurons. Another important evidence suggesting a central role of glutamate
receptors in autism comes from animal models of Fragile X syndrome, a neurological
disorder with high prevalence of autism that is caused by silencing of the FMR1 gene and its
translated protein, the fragile X mental retardation protein FMRP (Délen et al., 2010). This
protein inhibits the synthesis of a wide range of proteins by binding to actively translating
mRNAs. FMRP is a counterbalance to the synthesis of proteins during mGluR5-mediated
neuronal plasticity, therefore, when FMRP is dysfunctional, excessive protein synthesis
mediated by activation of mGluR5 leads to synaptic dysfunction in Frml KO mice.
Importantly, the phenotype of Frml KO mice can be rescued by 50% reduction of the
expression of mGluR5, suggesting that specific antagonists of mGluR5 will have beneficial
effects on humans with Fragile X syndrome (Délen et al., 2010) and encourages the search of
pharmacological approaches to treat idiopathic autism. Genome studies have also found
several single nucleotide polymorphisms (SNPs) of GRIK2 associated with risk of autism
(Jamain et al., 2002; Shuang et al., 2004). GRIK2 produces the kainate receptor GluK2
(previously known as GluR6) that participates in processes of learning and memory at
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postsynaptic sites and at presynaptic ones, modulates the release of glutamate and GABA
from synaptic terminals (Pinheiro & Mulle, 2006). Moreover, one of the reported SNPs
changes a methionine to an isoleucine in position 867 (M867I) of the intracellular C-
terminus, producing a structural change of the receptor that may be related to the aetiology
of autism. Electrophysiological experiments have shown that Xenopus oocytes expressing
the rat version of M867I-GluK2 elicit larger ion currents than oocytes expressing the wild
type receptor, and the increment of current correlates with an enhanced density of the
mutated receptors on the plasma membrane of the oocytes (Strutz-Seebohm et al., 2006).
Except for a slower rate of desensitization, no major changes in the kinetic properties of the
human or rat version of the M8671-GluK2 could account for the observed increment in the
ion currents (Han et al.,, 2010); therefore, the potential link between the M867I and the
autistic phenotype could be related mostly to alterations in the normal trafficking of GluK2
in and out of presynaptic and postsynaptic terminals. Interestingly, despite a 99% homology
between rat and human GluK2, both receptors had important kinetic and potency
differences, highlighting the importance of the validation of animal models with data
obtained from the human brain (Halladay et al., 2009; Limon et al., 2011).

3. Evidence of GABAergic dysfunction in autism

GABA is the most abundant and versatile neurotransmitter in the Central Nervous System
(CNS). GABA is excitatory in the immature brain and inhibitory in the mature one (Ben-Ari,
2008). At early stages of neural development GABA has a paracrine action on immature
neurons. It modulates neuronal migration, stimulating developing networks and exerting a
wide range of trophic actions that lead to the correct establishment of neural circuits (Ben-
Ari, 2008). In the adult brain, GABA participates in the generation of synchronous rhythms
of cortical assemblies. This allows local time-precise communication among neurons and
coherent communication with other cerebral centres, thus creating behavioural relevant
processes (Somogyi et al., 2005). GABA actions on the membrane potential are mediated
mostly by ionotropic receptors. Ionotropic GABA receptors in the CNS are pentameric
channels made up by the combination of a (1-6), B (2-3), v (1-3) and & subunits in a
y—B-o—P—a arrangement, with & substituting y in some extrasynaptic receptors (Olsen &
Sieghart, 2008). They are permeable to chloride ions and whether they depolarize or
hyperpolarize the cell membrane potential depends on the developmentally regulated
expression of the Na*/K*/Cl--cotransporter, NKCC1, and the K*/Cl--cotransporter, KCC2.
NKCC1 is highly expressed in immature neurons and transports chloride into the neuron
producing a high intracellular concentration of chloride, thus making GABA depolarizing.
In mature neurons the increased expression of KCC2 and reduction of NKCC1 lowers the
concentration of intracellular chloride and makes GABA hyperpolarizing (Mathews, 2007).

Due to the concerted and intertwined activity of GABAergic and glutamatergic
neurotransmission, even small net deviances of GABAergic activity could affect the
excitation-inhibition balance in the autistic brain. Such an imbalance would reduce the ratio
signal to noise of the sensory and procedural information in mild cases (Casanova et al.,
2006) and, in the extreme ones, it could lead to epilepsy. Actually, the incidence of epilepsy
in one third of people with autism (Tuchman & Rapin, 2002) and the presence of paroxystic
activity in the electroencephalogram (EEG) of approximately 68% of autistic people (Kim et
al., 2006) is consistent with this hypothesis. These gradual alterations of the EEG traces
suggest that aberrant electrical activity in the autistic brain is expressed as a continuum and
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it may be present even in cases of autism with normal EEG recordings. Although abnormal
electrical activity could have scores of causes, genetic association studies have implicated
genes coding for the subunits y1, a2, a4, Bl and P3 of GABAa receptors as likely
contributors for autism (Blatt et al., 2001; Hussman, 2001; Cook et al., 1998; Ma et al., 2005;
Vincent et al., 2006; Kakinuma & Sato, 2008). Indeed, evidence from disorders that share
overlapping autistic characteristics like Prader-Willi/ Angelman syndrome (AS) and Rett
syndrome, supports the idea that GABA receptors are convergent nodes in autistic
phenotypes of different genetic origins. Angelman syndrome is an imprinted disorder
caused by a maternal deficiency of chromosome 15q11-q13 (Magenis et al., 1987; Lalande,
1996) that includes autistic characteristics and developmental delay, seizures and
stereotyped behaviours (Samaco et al., 2005). Because the 15q11-q13 region contains genes
for the B3, ad and y3 subunits of GABAa receptors, the chromosomal deficiencies in
Angelman syndrome may produce alterations in the expression of these GABA subunits.
Knockout mice with deletions in the GABAA a5 and y3 subunits did not show a drastic
phenotype; but a deletion in the gene for the GABAA B3 subunit produced a neonatal
mortality of 90-95% and the survivors displayed a phenotype resembling severe forms of AS
(Sinkkonen et al., 2003). These alterations were associated to a decreased number of GABA
receptors in areas like the hippocampus (Sinkkonen et al., 2003) which is commonly affected
in autism. Rett syndrome is a pervasive disorder classified within the autism spectrum
category. Patients diagnosed with Rett syndrome, in addition to the triad of autistic
characteristics, also show cognitive deficits, apraxia, ataxia, seizures and respiratory
abnormalities (Chahrour & Zoghbi, 2007). Rett syndrome is the result of mutations of
MECP2, a gene encoding the transcriptional regulator methyl-CpG-binding protein 2
(MeCp2) (Amir et al., 1999). Mice genetically modified to reduce the function of MeCp2
reproduce much of the phenotype of Rett syndrome. Interestingly these mice also show
defects in the expression of the GABA, 3 subunit (Samaco et al., 2005). Recent studies have
shown that selective deletion of MECP2 in GABAergic neurons reproduces some of the
characteristics of regressive autism. Initially, mice with MECP2 deficiency were
indistinguishable from the normal mice; however, after few weeks they started to develop
stereotyped movements, compulsive grooming, impaired motor coordination, EEG
hyperexcitability and abnormal behavioural patterns (Chao et al., 2010). The EEG
abnormalities were tracked down to an impaired production of intracellular GABA! and a
consequent reduction in the quantal GABA released (Chao et al., 2010). Interestingly,
MeCp2 reductions in frontal cortex are frequent in autism and other mental disorders
(Nagarajan et al., 2006). Monoallellic or skewed expression of GABRB3 and a subsequent
decrease of GABAA B3 subunit has been found in 4 out of 8 autistic patients (Hogart et al.,
2007), indicating that origins of autism are not exclusively rooted in the genome but any
epigenetic, or environmental factor that is able to modify the function of GABA receptors
during the development of the nervous system is prone to cause neurodevelopmental
disorders and, particularly in the case of GABA B3 subunits, it may lead to autistic
phenotypes. Actually, there is strong evidence implicating GABAergic dysfunction in

IGABA is produced by the enzymes Gad65 and Gad67 which are respectively coded by the genes Gad1l
and Gad2. In MECP2? deficient mice the expression of Gadl and Gad2 and the immunoreactivity to
GABA in interneurons were importantly reduced. These reductions were associated with smaller
miniature postsynaptic events (mIPSC) without a change in their frequency (Chao et al., 2010).
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anxiety, a common feature of autistic disorders (Amaral & Corbett, 2003). The
hippocampus, lateral septum, periaqueductal gray matter and amygdala, which are all
cortico-limbic structures involved in modulating anxiety states and have neuroanatomical
changes in autism, contain major networks of GABAergic interneurons (Millan, 2003). Many
studies focus on GABA, receptors and anxiety (Yilmazer-Hanke, 2003), but even GABAg
(Mombereau et al., 2004) and GABAc receptors (Flores-Gracia et al., 2010) have been
reported to be involved in anxiety-like behaviours.

The wide number of factors with effects on GABA receptors and the different degrees of
changes in GABAergic signalling may explain, at least in part, the high heterogeneity found
in the clinical phenotypes within the autism spectrum. However whether changes in animal
models apply to humans and what other qualitative changes are present in the human brain
is a matter of current research. Blatt et al. (2001) reported a reduced binding of
benzodiazepines and muscimol in the hippocampus of autistic brains, suggesting a decrease
in the number of GABA, receptors. Posterior studies using different concentrations of
[H3]flunitrazepan showed that the decrement of benzodiazepine binding was due to
reductions of binding sites with no changes in the binding affinity of the receptors (Guptill
et al., 2007). Western blot analyses of four GABA4 subunits (a1-3 and B3) showed reductions
of all subunits in parietal cortex, of al in frontal cortex and of al and B3 in cerebellum of
post-mortem autistic brains (Fatemi et al., 2009). And recent studies showed reductions in
the binding sites to muscimol and benzodiazepines in cingulate cortex and fusiform gyrus
of autistic brains (Oblak et al., 2009; Oblak et al., 2011). These authors also found a reduction
in the affinity of the binding sites to muscimol, suggesting pharmacological changes in the
receptors due to changes in the properties of the same receptors or switching of GABAa
subunits. Indeed, an increment in the expression of a5 has been reported in the autistic brain
(Purcell et al., 2001), and a potential remodelling of GABA subunits may explain the several
reports of paradoxical benzodiazepine-based sedatives on severe autistic individuals with
mental retardation (Marrosu et al., 1987; Sandman & Barron; 1992; Aman & Langworthy,
2000).

Undoubtedly binding experiments are, and will continue, providing important information
about the status of GABA receptors in the autistic brain, particularly about density and
tissue localization. However, their resolution is limited and the absence of functional
information on the receptors is a great drawback compared with electrophysiological
studies, where even the ion current through an activated single channel can be detected.
Therefore, important differences between GABA, receptors might be overlooked. Another
concern is that the benzodiazepine binding site is not present in all GABAA receptor
isoforms and alterations in GABA receptors containing 8, a4 and a6 subunits, which do not
bind classical benzodiazepines but are highly expressed in cerebellum (Sieghart, 2006), have
not yet been appropriately addressed. It is worth noting that because of the duplication of
the 4p12 chromosome (Ma et al., 2005), a gain of function of the a4 subunits is expected, but
not yet explored. Also important is the fact that normal binding does not necessarily mean
normal activation; therefore, even though the agonists and antagonists can bind to the
receptor, determining whether the receptors are functional or not requires a
multidisciplinary approach, using binding, biochemical and electrophysiological
methodologies. Because GABA and glutamate are main targets of pharmacological
intervention, a detailed analyses of their kinetic and biophysical properties will help to
evaluate new drugs and therapeutic treatments.
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4. Pharmacology of human receptors beyond binding studies

We have developed two methods that allow in-depth studies of neurotransmitter receptors
and ion channels of the human brain. The first, now widely used, involves the heterologous
expression of human receptors in Xenopus oocytes, which, because of their size, sturdiness,
and availability, permit experiments that would be very difficult, or impossible, to carry out
in the human brain. The second method is the microtransplantation of native receptors that
allows the study of native receptors still embedded in their own lipids and with their
associated proteins.

4.1 Heterologous expression of human receptors

The Xenopus oocyte system is a very convenient model for studying the electrophysiological
properties of membrane receptors (Kusano et al. 1977). G protein-coupled receptors (GPCRs)
that are activated through the phosphatidylinositol signal pathway, and ligand gated ion
channels, are particularly easy to study in this system. GPCRs activated through the cAMP
signal pathway are also possible, although they are more difficult to study and require co-
expression of some of the pathway elements (Gether et al., 2002). Heterologous expression in
Xenopus oocytes is now a classic method to study the functional impact of mutations in
membrane receptors, and has a long tradition on the study of neurological disorders, such as
Alzheimer’s disease and epilepsy (Dauch et al., 1997; Green et al., 2008; Palma et al. 2002). In
autism research, the use of Xenopus oocytes is just at the beginning. However, it has already
helped to demonstrate the gain of function of the M867I-GluK2 mutation associated with
autism (Strutz-Seebohm et al., 2006) and the functional impact of mutations in voltage-gated
calcium channels that lead to autistic traits in Timothy syndrome (Splawski et al., 2004).
Timothy syndrome is a multisystem disorder characterized by syndactyly, arrhythmias and
low survival. A high percentage of the children that survive the first years develop autism
(Splawski et al., 2004). Timothy syndrome is caused by a substitution of glycine by arginine at
residue 406 (G640R) of the cardiac L-type Ca,1.2 channel and it is expressed in several organs
including the brain. The expression of wild type and the mutant versions of Ca,1.2 channels in
Xenopus oocytes showed that the mutation dramatically impairs the voltage-dependent
inactivation of the channel and leads to larger and longer calcium currents (Splawski et al.,
2004). The gain of function of the Ca,1.2 channel suggests that impairments of calcium
signalling participate in the aetiology of autism. Such central role of calcium in autism is
supported by the recent finding that increased levels of calcium enhance the activity of the
mitochondrial aspartate/glutamate carrier AGC1, a protein coded by the autism susceptibility
gene SLC25A12 (Palmieri et al., 2010).

The evidence that single mutations of glutamate- and calcium channels can lead to autism
indicates that abnormal network excitability and intracellular signalling are critical factors in
the generation of autistic phenotypes; and highlights the importance of understanding the
electrophysiological properties of the receptors and channels, even in cases where no
mutations have been reported. The expression of mRNA or cloned human receptors in
Xenopus oocytes is a potent tool to evaluate the functional properties of GABA-, glutamate -
and calcium-channels in the autistic brain (Limon et al., 2008). Next we describe the method
we use to express human receptors in Xenopus oocytes.

4.1.1 Methodological insight into heterologous expression in Xenopus oocytes
In order to study ion channels and other membrane proteins via the expression approach,
the gene must be available in a plasmid. Nuclear injections of plasmidic DNAs can be done,
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provided a relative high purity sample is used. We have found that plasmidic DNA isolated
with spin columns is good enough to express receptors. The human cytomegalovirus (CMV)
promoter is our promoter of choice. We routinely inject 14 nL at a concentration of about 200
ng/mL, aiming at the animal pole and injecting deep to increase the likelihood of reaching
the nucleus. Notwithstanding, the rate of successful nuclear injection is not very high,
ending always with some oocytes that do not express the protein and with increased oocyte
“mortality”. We also use the T7 promoter, but the level of expression is considerably lower
(see also Geib et al., 2001). Another factor to consider is our observation that the receptor
induced membrane currents achieved in the oocytes successfully injected with DNA are
lower than those achieved after injecting cRNA. Therefore, our preferred choice for
expression of channels is the cytoplasmic injection of synthetic cRNA. If the gene of interest
is placed after any RNA Polymerase promoter such as T7, T3, SP6, synthetic cRNA can be
produced in large quantities and with a desirable level of purity. One can use the template
DNA and add the Polymerase, tNTPs and a reaction of a couple of hours will yield
microgram quantities of RNA (Krieg et al., 1984). The ready to use kits are very convenient
and even incorporate a 5" cap analog and have the option of adding an enzyme that will
incorporate a Poly(A)+ tail at the 3" end to resemble more closely a natural RNA.

Of all the kits we have tested, the mMessage mMachine kit from Ambion is the one that has
given us the best results. That kit uses ARCA (Anti Reverse Cap Analog) 5 cap analog
(Stepinski et al., 2001), which prevents incorporation in the reverse orientation and maximizes
translation efficiency. In such a way, we obtain RNAs that have strong expressional potency
after injecting 50 nL (at ca. 1 mg/mL) into the equator of the oocyte (Limon et al., 2007; Reyes-
Ruiz et al.,, 2010; Limon et al., 2010). Besides its use for the expression of recombinant proteins,
Xenopus oocytes can also express membrane proteins after injection of mRNAs directly
isolated from human biopsy tissue or from post-mortem brains (Gundersen et al., 1984; Palma
et al., 2002; Limon et al., 2008). For the expression of mRNA, the quality of the starting material
is important, specially making sure the tissue is not fixed, but snap frozen in liquid nitrogen or
COs. We have isolated mRNAs that were able to express functional receptors and ion channels
from tissue that was obtained several hours post-mortem and was stored frozen for several
years (Limon et al., 2008). For the mRNA isolation procedure, it is preferable to start with at
least one gram of tissue. We use the TRIzol method for total RNA isolation. The Poly(A)* RNA
is then isolated using an Oligo (dT) resin. A chromatography column is our method of choice
because it is more convenient for larger volumes. After overnight precipitation with NaCl, the
mRNA is thoroughly washed with 70% ethanol and resuspended in RNase free water at a
concentration of 1 mg/mL or higher if possible. By starting with 1 g of tissue we generally
recover about 20 or 30 pg of mRNA, suitable for at least 10 injections of 20 oocyte batches.
Even though this is the method that has given us the best results, very often the mRNA
obtained fails to express large currents after injection, independently of the yield or
A260/A280 ratio, although that mRNA is usually good enough for qPCR assays. This
methodology extends the amount of information yielded by the mRNA, because functional
data can be cross-correlated with data from gPCR analyses of GABA subunits and synaptic
markers.

4.2 Microtransplantation of human receptors
Proteins expressed de novo in Xenopus oocytes have post-translational modifications and
membrane lipids that are specific for the oocyte, not for the human brain. Moreover,
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microenvironmental effects on the receptor or epigenetic modifications that may have arisen
through complex cellular signalling are not necessarily reproduced by the expression of
mRNA. To overcome those problems, we have been studying native human receptors using
the microtransplantation method which is conceptually depicted in Figure 1. To
microtransplant native membranes from human brains, part of the brain is homogenized
and the cell membranes are isolated by centrifugation (Miledi et al., 2004).

Heterologous Expression

Neuron

5

v/

¥
Proteoliposomes
Size <1 p

Xenopus oocyte
. Diameter =1 mm
Microtransplantation

Fig. 1. Methods for evaluating the electrophysiological properties of human
neurotransmitter receptors. Diagram showing the heterologous expression of proteins in
Xenopus oocytes (top) and the microtransplantation of native cell membranes to oocytes
(bottom). For the microtransplantation, proteoliposomes isolated from brain tissue
specimens, containing the original native receptors, are injected into the oocytes. Within a
few hours after injection the proteoliposomes fuse with the oocyte’s plasma membrane and
expose the native receptors to pharmacological and biophysical experimentation. For the
expression of de novo the human receptors, mRNA is isolated and injected into the oocytes;
and the newly expressed receptors can then be studied in great detail.

Cell membranes, mostly in the form of small vesicles, are adjusted to a protein concentration
of 1-2 mg/mL and injected into an oocyte. Within a few hours the membranes, carrying
their original neurotransmitter receptors and ion channels, begin to fuse with the oocyte
plasma membrane. Voltage-clamp recording is then used to study the functional
characteristics of the transplanted receptors. Oocytes with transplanted receptors can be
studied up to several days post-injection (Miledi et al., 2004; Limon et al., 2008).

We have assessed whether autistic brains with long post-mortem intervals still contain
functional neurotransmitter receptors and voltage-operated ion channels that could be
microtransplanted into Xenopus oocytes. For that purpose, we chose the cerebellum and
temporal cortex, because neuroanatomical and biochemical studies have shown
abnormalities in the neuronal organization of those areas (Bauman & Kemper, 1985; Bailey
et al., 1998; Purcell et al., 2001). Our initial studies of six autistic cerebella showed that the
amounts of microtransplanted receptors differed from their respective controls in all cases.
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Four of them yielded responses to GABA, kainate, and glutamate that were smaller than
their respective paired controls. The other two cases generated larger responses. In contrast,
when the receptors of the temporal cortex were microtransplanted, the amplitudes of the
currents induced by kainate, glutamate, and GABA by the receptors from the autistic
membranes were larger than their controls in two of the three autistic cases (Limon et al.,
2008). Interestingly, even though the number of patients tested is low, deviations from the
controls were already found, supporting the hypothesis of an altered GABAergic signalling
in the autistic brain, thus encouraging further studies.

It will be interesting to microtransplant receptors from other areas of the brain. The
hippocampus is important in memory and learning processes; and together with the
amygdala and prefrontal cortex participates in the negative feedback of the hypothalamic-
pituitary-adrenal (HPA) axis which in turn controls the body’s response to stress (Morris,
2007). The hippocampus and amygdala have clear neuroanatomical alterations in autistic
brains (Bauman & Kemper, 2005) and there is a hypothesis that prenatal stress may affect
the HPA axis during development and increase the risk of developing autism (O'Donnell et
al., 2009). Accordingly we evaluated if neurotransmitter receptors from hippocampi with
long post-mortem intervals can be transplanted to Xenopus oocytes.

4.2.1 Microtransplantation of native receptors from the hippocampus of autistic
brains

For these experiments we used the anterior hippocampus from two autistic brains and two
matching control brains (Table 1). Cell membranes were prepared as previously reported
(Limon et al., 2008) and then injected into the equator of Xenopus oocytes. Ligand-activated
ion currents were observed after 24 h post-injection in oocytes voltage-clamped at -80 mV,
clearly indicating the successful transplantation of functional GABA and glutamate
receptors (Fig. 2). Oocytes injected with cell membranes derived from both autistic brains
showed smaller GABA-currents than their respective controls (Fig. 3); suggesting that the
number of GABA receptors is decreased in the hippocampus of autistic brains. However, for
the moment we have not discounted the possibility that changes in the properties of the
receptors, or in the efficiency of membrane fusion, produce a decrease of the currents
without a decrease of receptor density. Kainate induced currents were reduced in the
autistic sample from the older patient and unaffected in the other autistic sample. Evidently
further studies are needed including a statistically meaningful number of samples.
However, it is already evident that the microtransplantation of receptors from
hippocampus, even with long post-mortem intervals is possible.

Case Dx Age (years) Gender PMI (h)
B6076 Control 38 Male 25.47
B6401 Autism 39 Male 13.95
B6207 Control 16 Male 26.16
B5666 Autism 8 Male 22.16

Table 1. Characteristics of the tissue used. Dx, diagnosis; PMI, post-mortem interval.

An important advantage of the microtransplantation method is that the biophysical studies are
done directly on native receptors that were once in the human brain and are still embedded in
their original lipids and with their own cohort of associated proteins. Another advantage is the
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rapid and high yield of functional and pharmacological information, obtained from minimal
amounts of protein. For comparative purposes, consider for example that to prepare a 2-
dimensional gel ranges of 2-2000 pg of protein are needed (Adams & Gallagher, 2005); for a
Western Blot about 40 pg is recommended. Even for mass spectrometry-based proteomics few
ug of total protein is used. In contrast, with the microtransplantation method 50 ng of protein
are injected into a single oocyte and a full dose response plus several pharmacological
experiments can be done with such a small amount of protein.
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Fig. 2. Sample responses to 1 mM GABA and 100 uM kainate of an oocyte injected with
membranes from an autistic hippocampus (above; case B6076, PMI = 25.47 h) and of another
oocyte injected with its matching control (below, case B6401, PMI = 13.95 h).

5. Conclusion

Strong evidence indicates that autism is a developmental synaptic disorder that affects the
processing of behavioural relevant information. Although the causes of autism are still not
known, GABAergic and glutamatergic synapses appear to be convergent nodes of genetic,
epigenetic, and probably environmental factors causing the autistic phenotype. Even small
alterations in GABAergic or glutamatergic signalling produce autistic characteristics in
animal models, and it is highly probable that a similar phenomenon is present in the human
brain. GABA and glutamate receptors are also important targets of pharmacological
interventions and a detailed knowledge of their function in the human brain will improve
the use and design of molecules with therapeutic activity. The microtransplantation of the
original receptors from postmortem brains coupled to the expression of receptors by post-
mortem mRNAs will help to determine in great detail the type, number, and functional
properties of autistic neurotransmitter receptors and channels. These procedures will help to
decipher the functional impact of genetic and epigenetic factors in autism. Furthermore, the
microtransplantation method will help to determine the mode of action of the medicines
presently used to treat autism, and help to develop new medicines and evaluate their
pharmacological activity.
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Fig. 3. Responses to 1 mM GABA and 100 pM kainate in oocytes injected with membrane
preparations from anterior hippocampus of autistic and control brains (n=5-6 oocytes/case).
Data is mean + SEM.
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1. Introduction

Autism and autism spectrum disorders (ASD) are diseases which are characterized by
physical (neurological function and pathology) and behavioral (social interaction)
abnormalities that are most commonly diagnosed in children (predominately males)
between the ages of 2 and 10 years. Autism is a neurodevelopmental disorder. In autism the
Central Nervous System (CNS) cells preferentially affected are the GABAergic Purkinje
neurons of the cerebellum. However unlike classical neurodegenerative diseases, in autism,
progressive decline is uncommon and there is a concomitant superimposition of neuronal
hypersensitivity. This apparent contradiction can be best explained by metabolic
abnormalities which have differing effects on specific cell types. Identifying the root of these
pleiotropic events has been a topic of intense investigation. From a biochemical perspective,
the preponderance of evidence implicates the breakdown of mitochondrial function. From a
genetics perspective, genetic mutations targeting mitochondrial function collectively
account for more than 10% of all cases, by far the largest single site genetic contribution.
However, despite the evidence implicating impaired mitochondrial function, the extra-
mitochondrial biochemical implications and consequences of an impaired mitochondrial
system have not been thoroughly investigated. The following chapter outlines the causes
and implications of mitochondrial impairment in autism.

2. Overview of mitochondrial dysfunction in ASD

Mitochondrial dysfunction in autism has been implicated by several research groups [1-3].
Elevated plasma lactate, a commonly used indicator of mitochondrial dysfunction, has been
observed to present in 20 [4] to 40 percent of ASD subjects [5]. Levels of carnitine, the
required fatty acid carrier from the cytosol to the mitochondria, have been reported to be
low in ASD subjects” serum [6]. The activity of the mitochondrial electron transport chain
(ETC), complexes I and III, has been reported to be decreased [7-9]. Glutathione, the key
intramitochondrial reactive oxygen species (ROS) neutralizer, is decreased in ASD [2,10-13].
In addition, lipid peroxidation, a down-stream effect of reduced ROS deactivation, is
increased in autistic children [14,15]. Extra-mitochondrial processing of palmitate, the key
energy source for mitochondria, was observed to be universally increased in ASD [2].

Subjects with definite mitochondrial disease (according to the criteria defined by [16]) have
a higher occurrence of autism than expected by chance in the average population [1],
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especially of regressive autism [17]. Stressors such as fever can lead to the appearance of
autistic phenotypic traits in individuals with mitochondrial disease [17]. Since
neurodegeneration is a feature of mitochondrial disease, Richard Haas hypothesized that
ASD subjects children who undergo regression and/or with symptoms of multisystem
disorders are the populations with the highest mitochondrial disease occurrence [1].

Despite tremendous efforts dedicated to the identification of loci associated to autism
susceptibility, the numbers of genes and genomic regions involved in ASD families can still
not account for the majority of autism cases, with an estimated 10% to 20% of all ASD
explained by genetic defects [18]. However the occurrence of genetic impairments in
mitochondrial genome and, as importantly, in the nuclear DNA coding for the estimated
1,500 mitochondrial proteins, represents a high fraction of this estimate. A study on a
Portuguese autism population estimated that as high as 7% of autistic cases could be
attributed to mitochondrial respiratory chain disorders, suggesting that this might be one of
the most common disorders associated with autism, especially since not all of the children
had been tested for these disorders [19]. Anecdotally, a study on Copy Number Variations
reported a copy number gain in the SUCLG2 gene encoding the beta subunit of succinyl-
CoA synthetase ligase, involved in the tricarboxylic acid (TCA) cycle, and in NDUFA11 and
ATP5], both involved in oxidative phosphorylation, in three autistic patients [20]. In
addition, many linkage analyses pointed to chromosomal regions that contain
mitochondria- related genes. At least two studies reported an association between autism
and SLC25A12 gene, which encodes the mitochondrial aspartate-glutamate carrier AGCl1
[21,22] and whose expression has been shown to be up-regulated in autistic prefrontal cortex
[23]; recombinant expression of SLC25A12 had been reported to increase mitochondrial
metabolism [24]. One of the most commonly identified abnormalities in ASD, the inverted
duplication of chromosome 15ql11-q13, displayed mitochondrial dysfunction, with
mitochondrial proliferation, partial deficiency of respiratory complex III, and moderate acid
lactosis in two initially studied autistic patients [25].

Conversely, mitochondrial DNA mutations have been associated to autistic features [8].
Mitochondrial encephalopathy with lactic acidosis and stroke-like episodes (MELAS) is
frequently caused by the A3243G mutation in the mitochondrial tRNALeu gene and has been
associated to autistic clinical traits [8]; another mutation of the mitochondrial genome,
A3260G, usually associated with cardiomyopathy and myopathy, has been recently
reported to be also associated to MELAS and autism [26]. Mitochondrial DNA depletion
syndrome (MDS) is characterized by a reduction of the mtDNA copy number in affected
tissues. The same mitochondrial mutation A3243G has been identified in autistic children
with MDS [8].

Mitochondrial DNA mutations may be far more frequent in ASD than anticipated, with a
very interesting study on neonatal cord blood samples showing a frequency of 1/200 of
common point mutations in mitochondrial DNA [27]; the authors state that “at least one in
200 healthy humans harbors a pathogenic mtDNA mutation that potentially causes disease
in the offspring of female carriers” [27]. The offspring of the transmitting females would
indeed inherit some of the mutant mitochondria by heteroplasmy.

The contribution of environmental factors to the elevation of autism prevalence has now
been clearly established [28]. Some mechanisms underlying these environmental toxic
insults have been identified and largely point to mitochondrial dysfunction. One of the most
detailed examples is propionic acid, by-product of Clostridium Difficile and now a common
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food preservative [29]. Propionate infused rats are an appropriate animal model of autism
not only because of their very similar behaviour to autistic children’s but also because of
their similar biochemical profiles [30]; for instance, carnitine levels and acyl-carnitine levels
are respectively lower and higher in the brain of rats infused intraventricularly with
propionate than with PBS [30]. Oxidative stress is increased in the infused rats” brain, which
according to the authors may lead to mitochondrial failure, or alternatively, is a result of
mitochondrial failure induced by propionate [29]. Among the anticonvulsant drugs whose
prenatal exposure has been associated to ASD development, valproate sodium seems to
present the highest risk with 9% of ASD or Asperger syndrome diagnoses among the
exposed fetuses as reported in a Scottish study [31]. Valproic acid (VPA) is a well-known
carnitine inhibitor, with a mechanism of action involving the TCA cycle component a-
ketoglutarate [32].

It is also tempting to associate the increase in autism prevalence and the expansion of
microwave radiation sources in our environment. Early in the eighties it was already shown
that rat brain exposure to microwave radiation inhibited mitochondrial electron transport
chain function, which resulted in decreased ATP and creatine phosphate levels [33].
Particulate matters from air or water pollution, which are now commonly found in our
environment, have been shown to induce microglial activation as reviewed by Block and
Calderén-Garciduerias [34]. Microgliosis is a critical process in neurodegenerative disorders
but also and as importantly in ASD [35]. Examples of particulate matters include
manufactured aluminum oxide particles, the treatment of which alters mitochondrial
potential in human brain microvascular endothelial cells [36], or the pesticide rotenone,
which inhibits the ETC complex I and deprives cells of ATP, although not directly inducing
microglial activation [37].

Biochemical abnormalities in autism are the norm, not the exception. Genetic abnormalities
in mitochondrial processes are the most prevalent in ASD and are likely underestimated,
mainly because of poor testing. The list of environmental toxicants clearly associated to
ASD is expected to be growing as mitochondrial toxicology is a rapidly emerging field
[38]. Biochemical, genetic and environmental data in ASD all point to a very likely role of
mitochondria dysfunction in the aetiology of autism, or at least as an autism phenotype
[39]. The causes and the effects of these abnormalities are topics of heated discussion within
the research community. The focus of this chapter is to describe in greater detail the intra
and intercellular role of mitochondria and the consequences of impaired mitochondrial
function.

3. Glutamate, mitochondrial toxicity and selective autistic neuropathology

Reduced cerebellar Purkinje neuron density is the key neuropathological observation in
autism [40,41]. Purkinje neurons are glutamate receiving (from excitatory climbing fibers)
and GABA transmitting (to the deep cerebellar nuclei) neurons. Purkinje neurons coexist
with specialized astrocytes (Bergman glia), which protect the neurons. Subjects with ASD
have activated microglia [35], which export copious amounts of glutamate [42]. Glutamate is
a mitochondrial toxin [43-45], and is selectively toxic to neurons [46-48]. Could glutamate be
the cause of the mitochondrial dysfunction and selective Purkinje neuron degeneration
observed in autism?
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4. Extracellular glutamate transport and receptor activation

There are two sources of extracellular glutamate near Purkinje neurons. The first is
glutamate arising from pre-synaptic depolarization of climbing fiber neurons. This
mechanism is estimated to result in synaptic glutamate concentrations in the low mM range,
sufficient to activate all known glutamate receptors [49]. The second source of glutamate can
arise from synaptic spillover, which is estimated to be in the 100-200pM range [49], or
microglial activation which can result in mM levels of glutamate [50,51]. In situ, glutamate
released during neurotransmission is primarily transported into astrocytes [52].
Accordingly, astrocytes are neuroprotective [53,54] against neuronal glutamate toxicity.
Although the average intracellular concentration of glutamate in the central nervous system
(CNS) is greater than 10mM [55], extracellular concentrations in the low uM range are toxic
[56]. Therefore all major CNS cell types contain high affinity glutamate transport
mechanisms [57] which maintain extracellular concentrations at less than 1 pM [55].

There is considerable regional and cell type variability of glutamate transporters. Cerebellar
astrocytes have similar K, values for glutamate uptake relative to other brain regions (~50
uM), however the Vmax of these astrocytes is the lowest of all brain regions studied (2.2
nmol/min/mg protein vs. >10nmol/min/mg in cortical regions) [58]. The key glutamate
transporters in this region and their relative contributions to glutamate uptake have been
recently studied extensively [59-63]. The general consensus is that although Bergmann glia
express both EAAT2 (GLT-1) and EAAT1 (GLAST), EAAT1 is responsible for the majority of
glutamate uptake [63]. Likewise, although Purkinje neurons express both EAAT4 and
EAAT3 (EAAC), EAAT4 is the principal glutamate uptake transporter [64]. It has been
estimated that <10% of glutamate arising from climbing fiber depolarization is taken up by
Purkinje neurons [64]. However, it has also been proposed that the neuronal EAAT4
transporter is responsible for maintaining low extracellular glutamate levels in between
neuronal firing events [59] and that this transporter has a 20-fold greater affinity for
glutamate (2.5 uM) [65] vs. EAAT1 (48 uM), EAAT2 (97 uM), or EAAT3 (62 uM) [66].
Although EAAT4 is also present in astrocytes [67], cerebellar Purkinje neurons express the
highest levels of EAAT4 in the human brain [68]. These results suggest that there is an
inherent weakness in astrocytic glutamate uptake in cerebellar regions These data
collectively suggest that chronic low-level exposure to extracellular glutamate would be
expected to have a disproportionate effect on these neurons.

Time course studies of glutamate toxicity on neurons [69] and astrocytes [70] suggest that
toxicity resulting from chronic exposure to glutamate is mediated by intracellular metabolic
disturbances, most notably an increase in oxidative stress and depleted glutathione levels.
However, both receptor-dependent and receptor-independent mechanisms of glutamate
toxicity have been reported. The N-methyl-D-Aspartate (NMDA) and the a-amino-3-
hydroxy-5-methyl-4-isoxazole-proprionic acid (AMPA) receptors are the most commonly
associated with glutamate toxicity. Glutamate activates NMDA receptors with a EC50 of 2.3
pM and AMPA receptors with a EC50 of 480 uM [71]. In neuron-astrocyte co-cultures, the
blockade of neuronal NMDA receptors reduces glutamate toxicity whereas the blockade of
glutamate transport into astrocytes increases neuronal glutamate toxicity [56]. These results
suggest that the acute toxic effect of extracellular glutamate on neurons is primarily
mediated via glutamate receptors and that glutamate uptake, primarily into astrocytes, is
the principal deactivation / neuroprotection mechanism [72]. Studies involving co-cultures
of astrocytes and neurons reveal that astrocytes are neuroprotective and that the uptake and
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metabolic deactivation of glutamate is a key factor in their neuroprotection [48,53,54].
Receptor independent mechanisms (i.e. intracellular transport) of extracellular glutamate
toxicity are also well documented [69,70,73]. The chronic toxic effects of glutamate are most
likely mediated via these mechanisms. In particular, Purkinje neuron viability is dependent
upon functional glutamate uptake and metabolism in Bergmann glia [60,61]. The regulation
of extracellular glutamate levels and their toxicity to Purkinje neurons are determined by the
collective ability of these cells reduce extracellular glutamate levels via transport and then to
detoxify glutamate via intracellular metabolic deactivation.

5. Glutamate transport and intracellular metabolism in Purkinje neurons and
Bergmann glia

Each molecule of glutamate transported into the cell is co-transported with 3 sodium (Na*)
ions, one hydroxyl (OH-) or chloride (Cl-) ion, and one proton (H*) with one potassium (K¥)
ion being transported out, resulting in a net import of one positive charge (glutamate having
a negative charge) and thus depolarization of the cell. Both Purkinje neurons and Bergmann
glia express Na*/K+*-ATPase [74], which restores the sodium gradient by exporting three
Nat* ions and importing two K* ions. Therefore, glutamate transport consumes one ATP per
glutamate transported. In regards to restoring cytosolic ATP levels both astrocytes and
neurons rely upon glucose as the first response [the rate of glycolysis is regulated by
cytosolic ATP, see [75] for an excellent review on this topic]. Glucose utilization appears to
be roughly equal in both Purkinje neurons and cerebellar astrocytes [76,77]. Predictably,
glutamate uptake is therefore a secondary activator of glycolysis [78] and results in the
stoichiometric utilization of glucose [79].

Pyruvate is the metabolic product of glycolysis. Studies using (2-14C)-pyruvate (TCA and
non-TCA metabolism) indicate that both neurons and astrocytes primarily process pyruvate
via the TCA cycle and that glutamate (50%) and aspartate (20%) are the two key metabolites
formed. However, astrocytes also generate significant amounts of alanine with less than 10%
of the label unaccounted for whereas in neurons a small amount of GABA is formed and
20% of the label is unaccounted for [80]. Studies using (1-4C)-pyruvate (non-TCA
metabolism only) indicate that in Purkinje neurons, most of the label ends up in Asp,
whereas in cerebellar astrocytes most of the label ends up in alanine [80]. Since the synthesis
of aspartate from pyruvate proceeds via oxaloacetate (OAA), mitochondrial pyruvate
carboxylation must be active in neurons, as previously reported [81,82]. In contrast, non-
TCA cycle processing of pyruvate in astrocytes occurs primarily via alanine
aminotransferase. These data clearly indicate that under normal conditions, extra pyruvate
is preferentially processed via the first half of the TCA cycle and that glutamate is the
predominant non-CO; product in both neurons and astrocytes. The above data indicate that
lactate is definitely not a significant product of pyruvate metabolism in astrocytes, but the
possibility exists that up to 20% of pyruvate could be converted to lactate via lactate
dehydrogenase (LDH) in Purkinje neurons. It is interesting to note that Purkinje neurons
have a disproportionately high LDH activity relative to other CNS neurons [83].

Studies involving purified mitochondria and cell cultures have repeatedly shown that, in the
brain, glutamate is stoichiometrically converted to aspartate [84,85]. However more recent
cell culture studies utilizing 15N-glutamate indicate that in astrocytes, glutamate nitrogen is
almost exclusively converted to glutamine along with a small but significant formation of
alanine [86,87] whereas in neurons, the glutamate nitrogen is almost exclusively converted
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into aspartate [88,89]. In addition, in vitro tracer studies of (U-14C)-L-glutamate reveal that
both aspartate and glutamine are labeled with the synaptosomal ratio being 2:1 in favor of
aspartate but the astrocytic fraction being just over 1:1 in favor of glutamine [80]. Enzyme
activity studies indicate that Purkinje neurons predominantly express aspartate
aminotransferase (AAT), a little glutamine synthetase (GS) and almost no glutamate
dehydrogenase (GDH), whereas astrocytes and Bergmann glia strongly express GDH and
GS with only a minor amount of AAT [90-94]. Clearly, astrocytes and neurons metabolize
glutamate differently. However the underlying reason has been difficult to understand until
recently. AAT, the favored glutamate-metabolizing enzyme, is ubiquitously distributed in
the brain and exists in both the cytosol and mitochondria [89]. The metabolic flux through
AAT, especially in the mitochondria, has long been shown to be heavily controlled by the
electrogenic mitochondrial aspartate/glutamate carrier (AGC) [95,96], as well as by
metabolite substrate availability where the addition of pyruvate (which drives OAA
through citrate synthase) or a-ketoglutarate (a-KG) reduces glutamate flux, unlike malate
(which increases OAA availability) [85,97]. These effects are dramatically reduced in liver
mitochondria which have high GDH activity, exemplifying the brain’s reliance on AAT
[85,97]. Recently, three independent groups have confirmed that, in situ, only neurons
express AGC [98-100]. The lack of this carrier in astrocytes explains the increased
mitochondrial flux of glutamate into glutamine [101] and aspartate into OAA [102], and the
lack of deamination of aspartate in neurons [102].

The subsequent metabolism of aspartate in neurons and astrocytes is even more specialized.
First of all, the two key glutamate transporters expressed in astrocytes (EAAT1, EAAT2)
have a two times higher affinity for L-aspartate vs. L-glutamate [66], yet the
intracellular/extracellular ratio for glutamate in astrocytes is significantly higher [86], which
is suggestive of a very rapid intracellular aspartate metabolic rate. Comparison of 15N-
aspartate with 15N-glutamate metabolism in cultured astrocytes in the presence of adequate
glucose reveals that 15N-aspartate flux is almost two times that of 15N-glutamate [86,101]. In
these two studies, it is clear that the majority of aspartate and glutamate metabolism in
astrocytes is occurring in the cytosol and that the principal products are arginine and
glutamine, respectively. Perhaps more importantly is that it appears that glutamate transfers
its nitrogen to glutamine via deamination in the mitochondria, not transamination, and that
the resulting a-KG is metabolized via the TCA cycle [103]. These findings are remarkably
consistent with [102] where aspartate was found to be deaminated in astrocytes. The most
likely explanation for these findings stems from the work of Fahien et al. [104,105] where it
was found that GDH-AAT complexes resulted in the oxidative deamination of aspartate.
When the membrane potential gets above -20nA in neurons, EAAT4 actually exports
aspartate [65], a property not shared by either EAAT1 [106] or EAAT2 [107], the primary
astrocyte transporters. These data strongly suggest that neurons primarily convert
glutamate to aspartate and export aspartate to the extracellular space where it can be taken
up by astrocytes (Figure 1). Astrocytes, on the other hand primarily neutralize glutamate
and aspartate by converting glutamate to glutamine and aspartate to arginine with the
excess being metabolized via the TCA cycle.

As discussed above, the preferred fate of glutamate in neurons is the transport of glutamate
via the AGC into the mitochondria, conversion to aspartate via AAT, and the export of
aspartate via AGC to the cytosol and finally out of the cell via EAAT4. Therefore the
maintenance of high flux (and thus detoxification) of glutamate in neurons is principally
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dependent upon mitochondrial aspartate efflux via AGC. This efflux is directly regulated by
the mitochondrial ETC proton gradient and indirectly regulated by precursor availability for
AAT (i.e. OAA). Aspartate efflux requires that the cytosol is acidic relative to mitochondrial
matrix. Glutamate is transported into the mitochondria in its protonated state and aspartate
is transported out of the mitochondria in its de-protonated state. Therefore the exchange
process results in the net import of one proton per glutamate. This leads to acidification of
the mitochondria, reduction in the membrane proton gradient, and thus reduction in
aspartate efflux. To maintain the proton gradient, it is essential that the ETC is operating
efficiently as it is this process that ejects protons from the mitochondria and maintains the
proton gradient. Therefore to restore the electrogenic balance during glutamate exposure,
neuronal mitochondria need to convert one NADH to NAD* per molecule of glutamate
imported. The standard hypothesis is that the a-KG formed from AAT is exported out in
exchange for cytosolic malate. This malate is then converted to OAA via malate
dehydrogenase which consumes one NAD+*, producing one NADH which is then processed
by complex I of the ETC. The importance of cytosolic malate in maintaining efficient
mitochondrial processing of glutamate cannot be overstated (see [85]). The exported a-KG
and aspartate are then converted to glutamate and OAA by cytosolic AAT and the resultant
OAA converted to malate in the cytosol. However, under a toxic glutamate load, the
cytosolic environment would not favor this reaction. Instead, cytosolic AAT will be driven
to aspartate, not glutamate, and since neurons have no other major metabolic pathway for
aspartate, the export of aspartate via EAAT4 would be its logical fate. Just as the export of
aspartate from mitochondria is the rate limiting step of AAT, total cellular export of
aspartate would be rate limiting for the metabolic detoxification of glutamate to aspartate in
neurons (Figure 1). Increased levels of pyruvate from stimulated glycolysis combined with
reduced mitochondrial capacity for acetyl-CoA utilization (due to mitochondrial OAA being
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used to create aspartate instead of citrate) would result in pyruvate being driven to lactate
via lactate dehydrogenase (LDH). The combination of high acidity (from glutamate) and
lactate (from glycolysis) would favor the export of lactate via the monocarboxylate
transporter 2 (MCT2). Therefore the export of lactate via MCT2 becomes rate limiting for the
conversion of pyruvate to lactate via LDH and the cytosolic regeneration of NAD* (Figure
2). As lactate builds up, the regeneration of NAD* from LDH will go down. In the
mitochondria, as the AGC gets overwhelmed, intra-mitochondrial a-KG goes up and
NADH goes up. This results in a-KG dehydrogenase switching from succinate formation to
peroxide formation [108]. The principal mechanism of detoxifying peroxide is via
glutathione. The oxidation of GSH is one of the first toxic metabolic consequences of
glutamate toxicity in neurons [69], and decreased GSH is a common observation in autism
[2,11-13,109].

Unlike neurons, which have metabolic mechanisms that enable it to rapidly cycle glutamate,
astrocytes must process the aspartate and glutamate they import. Astrocytes highly express
EAAT1 which transports both aspartate and glutamate with high affinity. Astrocytes are far
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more reliant on the mitochondrial TCA cycle than neurons due to the lack of the AGC.
Glutamate can enter the mitochondria via the dicarboxylic acid carrier [98]. Once in the
mitochondrial matrix, two glutamate molecules can be converted to one a-KG and one
glutamine via GDH and GS respectively. a-KG can then directly enter the TCA cycle.
Therefore the production of a-KG from glutamate via GDH can completely bypass glucose
metabolism. Normally, the primary TCA energy source is acetyl-CoA which can come from
either glycolysis (pyruvate) or fatty acid oxidation (palmitate, 16:0) and this acetyl-CoA enters
the TCA cycle via citrate synthase, which condenses one OAA with one acetyl-CoA to form
citrate, which then goes through the cycle releasing two CO, molecules ultimately leading
back to OAA. Since a-KG can be derived from either citrate or glutamate, the oxidative
capacity of the TCA cycle can be broken into two parts: OAA to a-KG via citrate and then a-
KG to OAA, independent of citrate (or acetyl-CoA for that matter). It turns out that this latter
part of the TCA cycle has three times the capacity vs. the former [110]. So, for every one acetyl-
CoA entering via glycolysis or fatty acid oxidation, the TCA cycle can accept two additional a-
KG molecules. Since the primary metabolic route of glutamate directly creates a-KG, this
provides an effective means of detoxifying glutamate in astrocytes.

The TCA cycle has multiple regulatory systems. One of the more important ones is the
succinyl-CoA/acetyl-CoA ratio. As this ratio goes up both citrate synthase and a-KG
dehydrogenase are inhibited. However, the inhibition of a-KG dehydrogenase can be over-
ridden by high levels of a-KG, as is the case when glutamate is present in abundance. So the
net effect of glutamate loading is to inhibit citrate synthase, which shuts down both aerobic
glycolysis and fatty acid oxidation. However, this intra-mitochondrial glutamate
detoxification pathway consumes two NAD*, which need to be restored by the ETC. When
the succinyl-CoA:acetyl-CoA ratio gets too high, respiration is shut down. When cytosolic
glutamate accumulates, cytosolic conversion to aspartate occurs resulting in a-KG. Unlike
the aspartate shuttle which energetically operates in only one direction, the oa-KG
transporter is completely reversible, which enables cytosolic a-KG to equilibrate with
mitochondrial levels; this leads to increased mitochondrial a-KG, which will over-ride the a-
KG dehydrogenase inhibition caused by a high succinyl-CoA:acetyl-CoA ratio. Since these
conditions also create conditions of low NAD*/NADH ratio, the a-KG dehydrogenase
reaction switches from creating succinate to creating hydrogen peroxide [108]. This
hydrogen peroxide must be detoxified by GSH, which is why decreased GSH occurs rapidly
upon glutamate loading. Furthermore, GSH is exclusively synthesized in the cytosol and
then transported to the mitochondria, a process that is inhibited by glutamate [111]. The
shut-down of mitochondrial oxidative phosphorylation results in a decrease in the
ATP:ADP ratio which further turns on hexokinase, and since pyruvate is blocked from
entering the TCA cycle, the anaerobic pathway becomes a critical short-term source of ATP.
However, for anaerobic glycolysis not to become self-limiting, the cell needs to export
lactate. Astrocytes export lactate via MCT1 [112].

6. Effect of glutamate on neuronal and astrocytic glutathione metabolism

Oxidative metabolism generates reactive oxygen species (ROS). The primary intracellular
neutralizer of ROS is GSH. The cystine-glutamate antiporter, which is highly active in
microglia [42], is also highly expressed on both astrocytes in the granular layer and on
Bergmann glia in the molecular layer, but not on oligodendrocytes or Purkinje neurons
[113]. This transporter is an energy-neutral ion exchange protein that operates according to
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the relative intracellular and extracellular concentrations of glutamate and cystine [114].
The fact that intracellular glutamate levels are orders of magnitude greater than
extracellular glutamate means that this transporter’s primary purpose in astrocytes is for
the import of cystine and does not contribute significantly under resting conditions to the
uptake of glutamate. Astrocytes contain high concentrations of glutathione relative to
neurons (more than 20 times higher [115]). In addition, resistance to glutamate toxicity in
astrocytes is primarily mediated by glutathione [70]. Glutamate-derived oxidative
phosphorylation in astrocytes is about twenty times that in neurons [116] and >80% of
extracellular glutamate is transported into astrocytes. Since intracellular glutamate
stimulates both glutathione synthesis [2,117] and the inward flow of cystine [114], this
anti-porter provides astrocytes with a glutamate-dependent means of maintaining high
GSH levels. Neurons, on the other hand, utilize EAAT2 and EAAT3 to import cysteine for
the synthesis of GSH and this import process is competitively inhibited by glutamate
[118]. Therefore the net effect of high levels of extracellular glutamate arising from
activated microglia would be to preferentially starve neurons of cysteine in favor of
ensuring adequate astrocytic levels of GSH. This observation is consistent with both in
vitro studies that show decreased GSH levels in neurons as a result of glutamate treatment
[69,119] and clinical studies that show that GSH levels are reduced in autism [2,11-14].
Furthermore, the metabolic precursors of GSH, methionine and cysteine, are also reduced
in autism [2,12,13]. Collectively, these data suggest that glutamate toxicity resulting from
activated microglia would simultaneously increase astrocytic GSH synthesis and
oxidation, which would be expected to result in decreased levels of both GSH precursors
and GSH, conditions shown to be present in autistic children.

7. Impaired mitochondrial fatty acid oxidation in autism

Glutamate-induced mitochondrial dysfunction indirectly and selectively suppresses
mitochondrial fatty acid p-oxidation. The formation of aspartate from glutamate via the
transaminase reaction outcompetes citrate synthase for OAA resulting in a dramatic
decrease in citrate and effectively shutting down mitochondrial processing of acetyl-CoA
[2]. High levels of acetyl-CoA then feedback inhibit mitochondrial p-oxidation. Indirectly,
the energetic outward transport of aspartate leads to an increased flux through malate
dehydrogenase, which causes an increase in the mitochondrial NADH/NAD* ratio, which
inhibits B-oxidation at the NAD+*-linked p-hydroxyacyl-CoA dehydrogenase reaction [120].
The extra-mitochondrial effects of disrupted mitochondprial fatty acid p-oxidation are related
to the carnitine-dependency of this system. Carnitine performs two essential metabolic
functions. Its primary and most widely recognized function is to shuttle fatty acids
(palmitate (16:0) and stearate (18:0)) from the cytosol into the mitochondrial matrix where it
can be p-oxidized to acetyl-CoA. Its secondary, less recognized function is to shuttle excess
acetyl-CoA out of the mitochondrial matrix to the cytosol (for reviews see [121-124]).

If mitochondrial acetyl-CoA metabolism is impaired, carnitine-fatty acid cycling is impaired
and carnitine usage is shifted to acetyl-carnitine from palmitoyl-carnitine (Figure 3). This
results in a build-up of palmitate in the cytosol. Normally, peroxisomes only oxidize 20-30%
of cellular palmitate [125,126]. Fatty acid transport into peroxisomes occurs via their CoA
esters, not carnitine. Peroxisomes are designed to consume excess cytosolic fatty acids.
However, unlike mitochondria fatty acid p-oxidation, which is a catabolic, energy
generating process [127], peroxisomal [-oxidation plays primarily an anabolic role where
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imported fatty acid-CoA is partially f-oxidized to acetyl-CoA and medium-chain fatty acids
[128]. Within the peroxisome, this acetyl-CoA is used for the synthesis of the fatty alcohol
that ultimately becomes the sn-1 ether in plasmalogens [129-132]. In addition to the
synthesis of the 1-O-alkyl bond of plasmalogens, the synthesis of docosahexaenoic acid
(DHA) also involves a peroxisomal component. Following the synthesis of 24:6
(tetracosahexaenoic acid) via fatty acid elongation and desaturation of 18:3 (a-linolenic acid)
in the endoplasmic reticulum, 24:6 is transported to the peroxisome where it is p-oxidized to
22:6 (DHA) [133]. Peroxisomal acetyl-CoA is normally the major source of cytosolic acetyl-
CoA. Within the cytosol, this acetyl-CoA is used for cholesterol synthesis [126,132] and other
lipogenic processes such as VLCFA synthesis [134]. Findings of elevated DHA [135], PIsEtn,
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and VLCFA levels [2] in autism plasma are consistent with a combined decrease in
mitochondrial -oxidation and an increase in peroxisomal B-oxidation. In wvitro cell culture
assays performed on hepatocytes, neurons and astrocytes revealed that glutamate exposure
decreased 16:0 mitochondrial B-oxidation and increased peroxisomal processing of 16:0 and
cytosolic fatty acid elongation/desaturation [2].

It is highly speculative but nonetheless tempting to associate some of the epigenetic findings in
autism to the recently identified role of mitochondrial acetylcarnitine in nuclear histone
acetylation [136]. The acetylcarnitine formed in mitochondria from acetyl-CoA is indeed
translocated to cytosol as commonly known, but also to the nucleus where it is converted to
acetyl-CoA, which is then used as a main source of acetyl groups for histone acetylation [136].
The situation of high cytosolic acetylcarnitine described above would therefore be expected to
enhance histone acetylation, since the other putative source of nuclear acetyl groups, the ATP-
citrate lyase pathway, would similarly face high citrate. On the other hand, acetylation and
methylation are altered in Rett syndrome, an autism spectrum disorder caused by mutations
in MeCP2, a global transcriptional repressor of methylated promoters during postnatal brain
development [137]. Brains from MeCP2308/y mutant mice exhibit elevated histone H3
acetylation [138], similarly to brains from Rett syndrome patients with mutant MeCP2 or
autistic brains with MeCP2 deficiency [139], which can be explained by the role of MeCP2 in
HDAC's recruitment [139]. Higher histone acetylation in Rett syndrome and autism with
MeCP2 deficiency may therefore be correlated to the putative higher histone acetylation
resulting from the mitochondrial dysfunction model described above.

8. Mitochondrial dysfunction and microglial activation

As exhaustively reviewed by Chauhan and Chauhan [10], the brain is highly vulnerable to
oxidative stress, particularly during the early part of development. The reactive oxygen species
(ROS) generated by oxidative stress is a cause of lipid peroxidation, which has been reported
to be increased in serum and urine from autistic children [14,15]. Lipid peroxidation is a well
established cause of reactive aldehyde generation, which plays a key role in apoptotic
mechanisms leading to both neuronal and glial cell death [140]. Damaged cells further
stimulate microglial activation, which also contributes to free radical production [141].

VLCFA accumulation is also a cause of microgliosis, as evidenced by microglial
inflammation in subcortical region in X-adrenoleukodystrophy [142]. The increase in
plasmalogens is expected to aggravate the damage caused by VLCFA accumulation since, as
recently reported, VLCFA-induced microgliosis seems to be dependent on plasmalogens
[143]. The decrease in GSH and the increase in VLCFA and/or plasmalogens observed in
autistic subjects are therefore expected to contribute to continuous microglial activation in a
positive feedback [2].

The decrease in GSH and the increase in VLCFA and/or plasmalogens observed in autistic
subjects [2] are therefore expected to both contribute to continuous microglial activation in a
positive feedback or “vicious cycle” [144]. Microglial activation and subsequent
“immunoexcitotoxicity” by glutamate are growingly proposed as a central causative model
in autism [145].

9. Mitochondrial dysfunction and the observed gender bias in autism

There is no escaping the irrefutable epidemiological fact that autism exhibits a marked
gender bias with approximately four times more males diagnosed as females [146-148].
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Prepubertal boys and girls are different, not just genetically, but biochemically as well.
Prepubertal boys and girls have similar testosterone levels (3.9 vs. 4.7 ng/dL in [149] and
0.41 vs. 0.45 nM in [150] for 17 3-testosterone), but prepubertal girls have 4-fold higher
levels of estrogen than prepubertal boys on average (5.9 +/- 9.7 pmol /L vs. 1.5 +/- 4.1)
[151] or at least 3 times higher (9.6 pmol/L vs. <3.7 ) [150] for $-estradiol; this difference
masks a very high heterogeneity in the level distribution, with undetectable levels for some
girls and elevated levels for some boys [150,151,161]. Estrogen is a well known
neuroprotectant, especially in glutamate induced neurotoxicity [152-160]. Interestingly, the
serum distribution levels in the Courant et al. study [150] reveal that if 5 pmol/L were
arbitrarily selected as the minimal protective cut-off value, less than 1/3 of girls would be at
risk versus 3/4 of boys, a gender bias identical to that observed in autism.

Multiple mechanisms for $3-estradiol neuroprotection have been demonstrated and most
involve the mitochondria [162,163]. The chemical structure of estrogens, with the presence
of a phenolic A-ring, directly participates in neuroprotection as the “chemical shield”
scavenges reactive oxygen species [164]. Another interesting mechanism seems to be
structural as estradiol intercalates within cell membranes, preserving mitochondrial
integrity [162].

But the most powerful support for estrogen protection as the cause of the gender bias in
autism comes from the work of Djouadi and colleagues [165]. The authors studied the
simultaneous inhibition of mitochondrial 16:0 processing via an irreversible
pharmacological CPT-I inhibitor (Etomoxir) and peroxisome proliferation via PPARa
double knockout (-/-). They observed an unexpected gender effect. 100% of the male mice
died but only 25% of the female mice died. 100% protection of the male mice was afforded
by pretreatment of the mice with P-estradiol. Clearly, p-estradiol is protective against
complications arising from impaired extra mitochondrial processing of 16:0. In addition, it
was observed that blood glucose levels of female PPARa (-/-) mice recovered relatively
quickly to Etomoxir-induced hypoglycemia but that male PPARa (-/-) did not. f-Estradiol
pretreated male PPARa (-/-) exhibited a similar result as female PPARa (-/-) mice. These
data are consistent with the data of [166] in that recovery from insulin-induced
hypoglycemia was significantly slower in autistic children versus non-autistic children. This
hypoglycemic response is relevant in that glutamate toxicity creates localized hypoglycemia
presumably due to increased glucose uptake [156]. In addition, -estradiol increases lactate
dehydrogenase activity and synthesis [167] as well as lactate export [156], which increases
glycolysis flux capacity. P-estradiol also increases cytosolic acetyl-CoA utilization by
increasing fatty acid synthase and acetyl-CoA carboxylase activity [168], which would
irreversibly remove acetyl-CoA from the cytosolic pool and free up cytosolic carnitine,
which would enhance mitochondrial processing of 16:0.

10. Mitochondrial dysfunction and abnormal brain growth in autism

Abnormal brain growth, particularly in cerebellar white matter [169-171], has been observed
in autism. No direct link between mitochondrial dysfunction and abnormal brain growth
has been proposed. However, the pro-osmotic effect of glutamate import in astrocytes [2],
has been proposed as a putative mechanism. As mentioned earlier, the import of a
glutamate molecule results in a net import of one positive charge, which in astrocytes results
in significant swelling (up to 9% increase in volume) [172]; the swelling ceases as
extracellular glutamate levels decrease [172]. It is therefore possible that the increased
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circumference observed in autism is the result of continuously high extracellular
concentrations of glutamate.

11. Mitochondrial dysfunction and seizures in autism

Epilepsy is a common clinical feature associated to autism; it is conservatively estimated
that 20-25% children with ASD present with seizures, the most frequent type being complex
partial seizures [173]. Oxidative stress [174] and subsequent mitochondrial dysfunction [175]
are growingly recognized as being linked to seizure susceptibility, and very interestingly,
may actually be contributing factors to epileptic susceptibility, at least in the case of
acquired epilepsy, as after brain injury [175]. In their excellent review of the association
between mitochondrial dysfunction and temporal lobe epilepsy, Waldbaum and Patel
remind that the first suggestion of mitochondrial dysfunction in epilepsy arose from the
observation that epilepsy is frequent in inherited mitochondrial disorders such as those
associated with childhood encephalopathies [175]. Suggested causative mechanisms
underlying a mitochondrial role in epilepsy are imbalances in glutamate and/or calcium
signalling [176,177], or respiratory chain complex I dysfunction [178].

12. Mitochondrial dysfunction and visual acuity

There is still a debate as to whether children with ASD display a higher visual acuity than
normally developing children, but numerous reports, even anecdotic, seem to support this
common observation from parents [179,180]. The importance of dietary long chain
polyunsaturated fatty acids, and of DHA particularly, for visual development has been
demonstrated by several clinical trials in infants, showing benefits for DHA-rich formulas
fed on longer periods [181]. It is therefore tempting to associate the “eagle-eyed” visual
acuity detected in children with ASD [179] to the higher content of docosahexaenoic acid
detected in plasma [2,135] and presumably present in retina. This assumption must however
be nuanced by the fact that benefits on visual acuity were reported for DHA fed and
monitored through the diet, with few studies monitoring the omega-3 body burden
[181,182]; the umbilical cord DHA content has however been found to be positively
correlated with visual system function [182]. Another nuance is the limit of the benefits to
visual acuity contributed by DHA: in the DIAMOND study, which monitored the dose
effect of DHA supplementation in infant formulas, DHA supplementation improved visual
acuity but this improvement did not show a dose response as visual acuity did not improve
further with higher DHA content, even if this higher dietary DHA concentration was
reflected in higher DHA concentration in red blood cells [181]. Overall, it seems that DHA
concentration is positively correlated with future visual function during gestation and
infancy, with the effect of dose and endogenous/dietary balance requiring further
investigation.

13. Conclusive remarks

In summary, there is a significant amount of direct and indirect evidence of mitochondrial
dysfunction in autism. The metabolic cascade observed in autism due to mitochondrial
dysfunction can be reproduced with glutamate. Glutamate is the most obvious perpetrator
due to its role in microgliosis and the selective glutamergic architecture of Purkinje neurons
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and Bergmann glia. The data and research performed to date regarding autism and
mitochondrial dysfunction however, are unable to ascertain whether subjects who suffer
from autism have a yet undetermined mitochondrial weakness that leads to mitochondrial
dysfunction under circumstances that would be tolerated by non-autistic subjects, or
whether subjects with autism have some other abnormality that results in chronic microglial
activation and subsequent “immunoexcitotoxicity” by glutamate [145], but with otherwise
normal mitochondrial function. Regardless of the cause of the mitochondrial dysfunction
and related consequences, the female gender protection from autism appears to be due to
circulating B-estradiol levels and its buffering effects on glucose metabolism. Accordingly,
dietary and pharmacological therapies directed at the treatment of autism should thus focus
on reducing intracellular mitochondrial demand by either reducing cellular uptake (or
extracellular production) of mitochondrial demanding substrates (i.e. glutamate or glucose)
or increasing cellular export of mitochondrial or glycolysis products (i.e. aspartate, pyruvate
or lactate).
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1. Introduction

Serotonin (5-hydroxytryptamine, 5-HT) was isolated and characterized during the late 1930s
through the 1950s. Since then, serotonin has been shown to play a key role in a range of
behaviors and processes, including sensory gating and processing, behavioral inhibition,
appetite, aggression, sleep, mood, and neuroendocrine secretion (Anderson, 2005). The
serotonin neuron system stretches abundant branches from a limited number of cells in the
brain stem and widely and densely projects the brain (Takeuchi, 1988). Therefore, the
serotonin neuron system is considered to be “the total control system”. During development
of the brain, the serotonin neuron system is not only essential for formation and
maintenance of synapses (Lauder, 1990), but also is affected by a variety of environmental
factors. These findings are crucial for understanding the pathogenesis of many
developmental disorders. This paper reviews the involvement of the serotonin neuron
system in neurotransmission in autism spectrum disorders.

2. Anatomical characteristics of the serotonin neuron system

The distribution of the serotonin neuron system overwhelms that of other neuron systems
(Nieuwenhuys, 1985; Takeuchi, 1988). The serotonin neuron system is a slow synaptic
potential system with a long time lapse, similar to the physiology of noradrenalin and
dopamine neuron systems. In this review, we examine the central nervous system (CNS) in
monkeys (macaca fuscata) describing the anatomical characteristics of the serotonin neuron
system, in order to understand the diversity of functions of serotonin in the brain and the
pathogenesis of developmental disorders.

2.1 Cell bodies of serotonin neurons are localized in the brain stem

The cell bodies of serotonin neurons are localized from the caudal part of the midbrain red
nucleus to the decussation of the pyramid of the medulla. This pattern is similar among
species. Approximately 65% of the cell bodies are localized near the raphe nuclei group at
the center of the brain stem, including the dorsal raphe nucleus (B7), superior central
nucleus (B8), pontine raphe nucleus (B5), raphe magnus nucleus (B3), obscurus raphe
nucleus (B2), and raphe pallidus nucleus (B1) from the rostral side, while the remaining cell
bodies are localized at other sites. Serotonin neurons number between 25-50,000 in rodents
and >150,000 in primates (monkeys), and the B7 group accounts for a large proportion of the
serotonin neurons (Nieuwenhuys, 1985; Takeuchi, 1988).
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2.2 Serotonin fiber distribution

Axons and dendrites of serotonin neurons are distributed more densely and widely than
previously predicted in the central nervous system. The density and area of their
distribution exceed those of the noradrenalin neuron system. The distribution of
serotonergic axons and dendrites differs markedly between species. This tendency is most
remarkable in the neocortex. The distribution pattern of serotonin fibers in the motor,
sensory, and visual cortices of rodents is similar, whereas it differs markedly in the
neocortex in primates. These distribution patterns of serotonin fibers are presumed to be
dependent on the functions of the neocortex. In general, serotonin fibers are distributed
more densely in the granular cell layer in the input system of the cortices than in the
pyramidal cell layer in the output system, and the density of serotonin distribution is much
higher in the primary visual cortex than in the primary motor cortex in primates. On the
other hand, noradrenalin fibers are distributed more densely in the pyramidal cell layer in
the output system and the distribution is complementary to that of serotonin fibers, i.e.
“mutually exclusive distribution pattern” (Nieuwenhuys, 1985; Takeuchi, 1988).

2.3 Projections to other monoamine neuron systems

The serotonin neuron system regulates the activity of other monoamine neurons, in
particular, dopamine neurons. For example, serotonin fibers are distributed in a markedly
high density in the substantia nigra, and synapses are formed with a number of dopamine
neurons in the substantia nigra in all animal species. Thus, the serotonin neuron system
controls dopamine neurons in the substantia nigra at the cell body level via the 5-HT2A
receptor. Serotonin fibers are distributed not only at sites rich in dopamine fiber endings,
such as the striatum and nucleus accumbens, but also in the prefrontal area of the frontal
cortex, which is important for the pathogenesis of developmental disorders.

2.4 High sprouting capability

The serotonin neuron system exhibits a markedly high sprouting capability compared with
that of other neuron systems. In general, serotonin fibers are sparsely distributed at the
striatum. When the substantia nigra is chemically ablated unilaterally during development (by
12 days after birth in mice) using 6-hydroxydopamine, dopamine neurons in the substantia
nigra and dopamine fibers in the striatum disappear. In contrast, axon sprouting of serotonin
fibers appears in the striatum of the experimental animals and generates a markedly dense
distribution. These findings suggest that the serotonin neuron system has a strong influence on
the dopamine neuron system (Yamazoe, 2001). This phenomenon, called “heterotypic
sprouting”, is observed particularly between the serotonin neuron and dopamine neuron
systems. Heterotypic sprouting of serotonin fibers during development is thought to be
involved in the plasticity of the brain and the modification of symptoms of diseases derived
from dysfunction of the dopamine neuron system. Therefore, heterotypic sprouting is
particularly intriguing in investigating the pathogenesis of developmental disorders.

2.5 Volume transmission

As mentioned previously, the serotonin neuron system is called the total control system or
the diffuse projection system, and plays a major role in central nervous system function. The
conventional projection system is called the “wiring transmission” system, and the serotonin
neuron system is thought to be responsible for non-functional (“volume transmission”) and
junctional neurotransmission (Bunin, 1999).
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2.6 Development and the serotonin neuron system

During brain development, serotonin has been shown to influence the maturation of target
tissues, including dendritic elaboration, synaptogenesis, neurogenesis and organization of
the cortex (Lauder, 1978, 1990; Kondoh, 2004). At early stages of development, when the
blood-brain barrier is not yet fully formed, serotonin can enter the brain of a developing
fetus, and cause a loss of serotonin terminals through negative feedback. This loss of
serotonin innervation persists throughout subsequent development and the symptoms of
autism appear (Whitaker-Azmitia, 2005).

Serotonin neurons appear at 5 weeks of gestation and their numbers increase dramatically
through the tenth week. Raphe nuclei can be detected at 15 weeks gestation. Axons from
serotonin neurons grow into the cortex prenatally and expression of the serotonin
transporter begins at the end of the first trimester. Serotonin levels in the brain increase
postnatally for 2-5 years, then decline to adult levels at approximately 50% of the peak
values (Whitaker-Azmitia, 2005).

In rats, serotonin fibers exhibit a temporary control over the primary sensory cortex during
fetal days 2-14, which corresponds to the period of synapse formation. Serotonin
transporters appear temporarily in glutamatergic thalamocortical afferent nerve fibers
within 2 weeks after birth in rats. Serotonin concentrations that are too high or too low
influence normal development during this period (Erzurumlu & Kind, 2001). An insufficient
concentration of serotonin in the brain during synapse formation interferes with the
development of the barrel in the rat somatosensory area. In contrast, excessive serotonin
induces superabundant axonal branching in the somatosensory area and obscures the
boundary of the barrel, as observed in monoamine oxydase A-knockout mice (Erzurumlu &
Kind, 2001). Abnormalities in synaptic connection induced by a reduced or excess
intracerebral serotonin concentration greatly reduces the number of dendrites not only in
the sensory cortex, but also in the hippocampus. Considering that serotonin fibers are
densely distributed in the granular cell layer in the cerebral neocortex, polymorphisms of
the serotonin transporter gene reported in autism spectrum disorders patients may
influence serotonin regulation in the thalamocortical nerve pathway, which may lead to
abnormalities in sensory and cognitive functions in most autism spectrum disorders
patients.

Development of the serotonin neuron system is influenced by a variety of environmental
factors. In mice, studies have shown that malnutrition and hypoxia during the neonatal
period induce irreversible changes in the serotonin neuron system, that vulnerability of the
serotonin neuron system is dependent on the region, and that a variety of environmental
factors may induce brain injury associated with the serotonin neuron system (Ishimura,
1989). Moreover, the serotonin neuron system is influenced greatly by aging, and S100B in
astrocytes is involved in the dynamics of serotonin fibers in the hippocampus. Axons
originating from the B7 and B8 groups show different intracerebral distribution and
degenerative process associated with aging, and each has specific neurobiological
significance (Nishimura, 1995). Considering the pathogenesis of autism spectrum disorders,
it is of interest that the serotonergic system is activated through rhythmic movements, such
as gait, chewing and respiration, and that adequate physical activity is important for
serotonin activation (Kohyama, 2011). Thus, accumulating evidence indicates that
serotonergic projections undergo continuous age-related change through early childhood
and that the serotonin neuron system is particularly plastic and fragile.
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3. Serotonergic neurotransmission in autism spectrum disorders

In this review, autistic disorder (Kanner's ‘autism’), childhood disintegrative disorder,
pervasive development disorder not otherwise specified (‘atypical autism”), and Asperger
syndrome are collectively termed autism spectrum disorders (Persico & Bourgeron, 2006).
According to previous studies, abnormalities in the brain stem-subcortical structure
(caudate nucleus, putamen, and pallidum)-cerebellum network, as well as in the
hippocampus, piriform gyrus, and cingulate gyrus, play a central role in the pathogenesis. A
number of studies have examined the relationship between autism spectrum disorders and
abnormalities in the serotonin neuron system, and these abnormalities are considered to be
the core of the pathogenesis of autism spectrum disorders (Johnston & Blue, 2006; Persico &
Bourgeron, 2006).

3.1 Hyperserotonemia

Increased blood serotonin concentrations in approximately 30% of autism spectrum disorders
patients strongly suggests that serotonin is involved with the onset of autism spectrum
disorders. Although an increase in serotonin uptake by platelets elevates serotonin
concentrations in the blood, an abnormality in the serotonin neuron system has not been
identified in these patients. The relationship of blood serotonin to the behavioral aspects of
autism spectrum disorders and the range of blood serotonin concentrations in the autism
spectrum disorders group are not clear. Serotonin levels have not been correlated consistently
with degree of mental retardation or other symptoms (Anderson, 2005). High serotonin levels
in the blood have been suggested to cause a low intracerebral serotonin concentration in
autism spectrum disorders, and are considered to be the result of negative feedback on
serotonin neurons (Whitaker-Azmitia, 2005). This negative feedback is likely mediated by the
5-HT1A, which is the earliest appearing serotonin receptor and has a prenatal peak both in
human and rodents. In some cases, the receptor appears transiently during development in
brain regions, such as the cerebellum, that do not express the receptor in the adult.

Although most serotonin-related neurochemical research in autism spectrum disorders has
focused on hyperserotonemia, several studies examining serotonin in cerebrospinal fluid have
been reported (Anderson, 2005). However, cerebrospinal fluid studies are in general agreement
that little or no difference exists between the mean levels of the major serotonin metabolite, 5-
hydroxyindoleacetic acid in autism spectrum disorders patients and control groups.

3.2 Serotonin hypothesis based on clinical viewpoints

The concept of autism has changed over time. The main symptoms of autism spectrum
disorders include onset in early infancy, male predominance, age-dependent symptomatic
development, and symptomatic vulnerability to the influence of environmental factors. The
neuronal system responsible for these clinical distinctions should have the following
characteristics: development in early infancy, predominant vulnerability in males,
involvement in the regulation of the growth and function of the brain by projecting to the
subcortical to cortical levels, and susceptibility to environmental factors. These features
suggest that a brainstem monoamine neuron system may be the primary contributor to the
pathogenesis of autism spectrum disorders. Among them, the serotonin neuron system is
considered the most favored candidate since it fulfills all of the characteristics outlined
above (Segawa & Nomura 2005). Abnormalities in the serotonin neuron system are thought
to cause disturbances in the sleep/arousal rhythm observed from the early stages of autism
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spectrum disorders, poor social skills, adaptation disorder to a new environment, and
impaired cognitive function.

3.3 Positron emission tomography studies

Analysis of serotonin metabolism by positron emission tomography (PET) revealed that
serotonin synthesis is disturbed in the frontal lobe, thalamus, and cerebellum, which are
thought to be involved in the pathogenesis of autism spectrum disorders. PET using o [C-11]
methyl-L-tryptophan showed that the uptake of o [C-11] methyl-L-tryptophan in autism
spectrum disorders is different between the right and left sides in the frontal lobe, thalamus,
and cerebellar dentate nucleus. When compared with the adult levels of serotonin synthesis
in the whole brain, the level of serotonin synthesis in children up to five years old without
autism spectrum disorders was >200% that of adults, and gradually decreased thereafter to
the level in adults. The serotonin synthesis levels decreased earlier in female children than
in male children. However, in children with autism spectrum disorders, serotonin synthesis
gradually increased from 2 to 15 years old to a level 1.5-fold that of the adult (Chugani, 1999;
Chugani, 2002). PET studies using [11C](+)McN5652, which is highly selective for the
serotonin transporter, as a tracer showed that serotonin transporter density in Asperger
syndrome patients was significantly decreased in a wide area containing the midbrain, basal
ganglia, and cerebral cortex. These results need to be verified fully.

3.4 Neuropathologic changes implicating the serotonin neuron system

Most regions of the brain reported to be responsible for autism receive rich projections from
the serotonin neuron system pathologically, in that they have dense serotonergic terminals.
Thus, abnormalities in serotonin neurotransmission may be involved in the pathogenesis of
autism spectrum disorders. To date, potential foci responsible for autism spectrum disorders
have been reported, including the superior and inferior olivary nuclei, facial nerve nucleus,
dorsal raphe nucleus in the brain stem, the frontal lobe (prefrontal area) and lateral lobe
(superior temporal gyrus) in the cerebral cortex, cerebellar vermis and hemispheres, and the
cingulate gyrus, septal area, amygdala, and hippocampus in the cerebral limbic system
(Amaral, 2008). Neuropathologic foci of autism spectrum disorders are present widely,
suggesting that brain injury occurs at an early stage of development.

In regards to neurotransmission, most of the foci reported to be responsible of autism
spectrum disorders are strongly projected by the serotonin neuron system, except for the
cerebellum. A particularly strong rationale has been developed for involvement of the
amygdala and associated areas of the limbic cortex. More specifically, the core social
relatedness deficits in autism spectrum disorders serve to focus attention on the rostral
limbic system, including the amygdala, septum, medial orbitofrontal cortex, anterior insular
cortex, anterior cinglate cortex, and the nucleus accumbens (Anderson, 2005). The various
limbic areas are richly innervated with serotonergic projections, and the nucleus accumbens,
an area crucial in appetitive and reward processes, has an especially dense serotonergic
innervation. Meanwhile, in the cerebellum, where serotonin fiber density is lower than in
most other brain areas, the serotonin neuron system is thought to be crucial for cerebellar
function. As described before, SHT-1A receptors have a rich and early expression in the
rodent and human cerebellum. Therefore, neuropathological findings strongly suggest that
abnormalities in serotonergic neurotransmission may be involved in the pathogenesis of
autism spectrum disorders. Furthermore, neuropathological findings in the brain were
compared between reeler mice deficient in reelin and autism spectrum disorders patients,
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and common lesion distribution and microscopic findings between the two conditions were
observed (Persico & Bourgeron, 2006). In addition, the serotonin agonist, 5-
methoxytryptamine, influences the level of reelin, which shows an abnormal level in the
brains of autism spectrum disorders patients.

3.5 Animal models of autism spectrum disorders

In animals, serotonin is involved in mediating behaviors of sleep, arousal, aggression,
impulsivity, and affiliation, all of which are relevant to autism. Reduced serotonergic
function has been associated with worsened sleep, depressed mood, altered arousal,
increased aggression, and increased impulsivity (Anderson, 2005). In general, serotonin
plays an inhibitory role in the brain. Its actions are complex and depend greatly on the
specific location or distribution of serotonergic terminals and classes of receptors stimulated.
In regards to animal models for autism spectrum disorders, a thalidomide-administered
model (rat), a valproic acid-administered model (rat), a Borna disease virus infection model
(rat), an amygdala injury model (monkey, rat), and a hypothyroidism model (rat) have been
constructed. A majority of the animal models show abnormal early development of the
serotonin neuron system, although abnormalities in the dopamine and noradrenalin neuron
systems have also been suggested. Furthermore, as in the autism spectrum disorders animal
models, oxytocin-deficient and oxytocin receptor-deficient mice have been reported.

3.6 Other models related to serotonin

The involvement of the serotonin neuron system in the pathogenesis of autism spectrum
disorders has been reported from a variety of fields. (1) A mutation in the tryptophan 2,3-
dioxygenase gene that encodes the rate-limiting enzyme in tryptophan-serotonin-kynurenine
metabolism was reported in autism spectrum disorders patients. (2) Serotonin depletion
during the neonatal period increased the thickness of the cerebral cortex, which is a common
finding with an increased cerebral volume in autism spectrum disorders patients. (3) 5-
methoxytryptamine has been shown to influence the level of reelin, which shows an abnormal
level in the brain in autism spectrum disorders patients (Janusonis, 2004). (4) A selective
serotonin reuptake inhibitor was shown to improve clinical symptoms. However, the factors
that may critically affect the response to selective serotonin reuptake inhibitor treatment and
adverse effects in individuals with autism spectrum disorders need to be clarified. (5)
Risperidone, another frequently used medication for patients with autism spectrum disorders,
is an atypical neuroleptic that acts as a potent antagonist at the 5-HT2A receptor.

3.7 Oxytocin and autism spectrum disorders

Oxytocin is a peptide hormone produced by neurosecretory cells at the hypothalamus
supraoptic nucleus and paraventricular nucleus in mothers and it is secreted from the
posterior pituitary lobe. The hormone exhibits a variety of functions in the brain, as well as
roles in delivery and galactopoiesis. Oxytocin regulates emotion in the company of
somebody and oxytocin concentrations in the blood are low in autism spectrum disorders
patients, therefore, the hormone attracts the most attention in investigations of the
pathogenesis of autism spectrum disorders (Kirsch. et al; 2005). Oxytocin plays a role in
signal transmission between the mother and the fetus so that neurons in the fetus are
prepared for delivery. Oxytocin temporarily switches intracerebral GABAergic
neurotransmission from the excitatory to inhibitory state in the fetus at delivery and exerts
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neuroprotective action. Serotonin fiber endings are abundant on oxytocin neurons at the
hypothalamus supraoptic nucleus and paraventricular nucleus, and it should be noted that
oxytocin neurons are regulated by the serotonin neuron system.

Studies to date show that prenatal treatment with a serotonin agonist, 5-methoxytryptame,
results in “autistic-like” behaviors such as decreased social bonding, sensory hyper-
responsiveness, seizures and motor changes (Whitaker-Azmitia, 2005). 5-methoxytryptame
(serotonin agonist)-treated animals have a loss of oxytocin-containing cells in the
hypothalamus, as well as an apparent loss of oxytocin projections towards other brain
regions such as the amygdala and the supraoptic nucleus. The amygdala is of interest in
autism spectrum disorders because there have been reported changes in volume, cell-
packing density and function in this region. In addition, the central nucleus of the amygdala
receives an intense serotonergic innervation from the dorsal raphe nucleus, which may
modulate behavioral responses to fear (Adolphs, 2002).

3.8 Glutamic acid, neuroligin, and neurexin in autism spectrum disorders

Glutamic acid, as well as serotonin plays an important role in the development of the brain.
Glutamic acid is essential for the development and plasticity of the cerebral cortex, and is
responsible for the collaborative function with serotonin in the development of the thalamo-
cortical pathway. In the cerebellum in autism spectrum disorders patients, up regulation of
the glutamate receptor 1 subunit of AMPA mRNA has been reported. In addition, genetic
mutations in neuroligin-3 and 4 genes result in changes in glutamatergic synapses.
Furthermore, as it has been shown that the balance between excitatory and inhibitory
neurotransmission is disturbed by the down-regulation of neuroligin-1, shifting to the
excitatory side. Synapse dynamics such as plasticity, production, and pruning is impaired;
therefore, the importance of glutamic acid in autism spectrum disorders has been suggested
(Johnston & Blue, 2006). Neuroligin and neurexin are cell adhesion molecules located at the
postsynaptic and presynaptic region, respectively. They promote synapse formation
bidirectionally in the glutamatergic nerve system and GABAergic nerve system, and they
have been called “the bridge between molecules and the mind” (Dean & Dresbach, 2006).
Insufficient inhibitory neurotransmission is related to impaired cognitive processes, physical
control, and the tendency to be complicated with abnormal brain waves and epilepsy in
autism spectrum disorders. While mutated proteins of neuroligin 3, neuroligin 4, and
neurexin 1 have been reported in autism spectrum disorders patients, the involvement of
neuroligin 4 in attention-deficit hyperactivity disorder and learning disorder has also been
suggested (Dean & Dresbach, 2006; Betancur, 2009).

3.9 Autism spectrum disorders-related proteins

Autism spectrum disorders-related proteins have a variety of functions including
remodeling of chromatin and transcription regulation, the actin cell cytoskeleton, the
induction and maintenance of dendritic spines, neurotransmission (neurotransmitters,
receptors, and transporters), as a second messenger, apoptosis, cell adhesion, and nerve cell
mobilization (Persico & Bourgeron, 2006). SLC6A4, which encodes the serotonin transporter,
has been intensively investigated as an autism spectrum disorders-related gene. In addition,
genes encoding a GABA receptor subunit (GABAR: GABRA4 and GABRB1), an NMDA
receptor subunit (GRIN2A), the oxytocin receptor (OCTR), and the vasopressin receptor
(AVPR1) have also been investigated as autism spectrum disorders-related.
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4. Serotonergic neurotransmission in attention deficit hyperactivity disorder
symptoms in patients with autism spectrum disorders

The majority of the patients with autism spectrum disorders are diagnosed as having
attention deficit hyperactivity disorder at an early stage of the disease, suggesting a
common neuronal dysfunction between attention deficit hyperactivity disorder and autism
spectrum disorders. Attention deficit hyperactivity disorder is a disease that involves a
number of genetic factors. It is a heterogeneous disorder with a wide variation in symptoms
among individuals, and is influenced by environmental factors. Dysfunction in the
catecholaminergic (dopaminergic and noradrenergic) system in the neocortex (prefrontal
area)-subcortical structure (the caudate nucleus, putamen, pallidum, and thalamus)-
cerebellum pathway is the core of the pathogenesis of attention deficit hyperactivity
disorder. The serotonin neuron system is related not only with the abnormality in the
catecholaminergic system, but also directly with the pathogenesis of attention deficit
hyperactivity disorder (Biederman, 2005).

4.1 Dopaminergic neurotransmission in attention deficit hyperactivity disorder

It is generally accepted that abnormalities in the dopaminergic system are the core of the
pathogenesis of attention deficit hyperactivity disorder. Among monoamines, dopamine is
located profusely in the brain. The dopaminergic system is also considered a diffuse
projection system, however, the distribution is relatively localized compared with the
serotonergic and noradrenergic systems. The cell bodies of the dopamine neuron system are
distributed in a concentrated manner at the midbrain substantia nigra pars compacta and
ventral tegmental area. Dopamine neurons are also localized in the mesocorticolimbic
dopaminergic pathway, which has projections to the ventral tegmental area, accumbens
nucleus, amygdala, septal area, olfactory tubercule, and prefrontal area, and is deeply
involved in functions such as motivation, sustained attention, cognitive function, and
reward behavior (Bjorklund & Dunnett 2007).

A dopamine transporter, localized at the cell membrane, plays an important role in
dopamine metabolism by incorporating extracellular dopamine into the cell and decreasing
extracellular dopamine concentrations. Single photon emission computed tomography with
the administration of altropane, which binds the dopamine transporter specifically, showed
that the binding capacity of 12 altropane in the striatum increased by 70% in adults with
attention deficit hyperactivity disorder, suggesting the over expression of the dopamine
transporter in attention deficit hyperactivity disorder.

After methylphenidate was administered for 4 weeks in the treatment for attention deficit
hyperactivity disorder adults, single photon emission computed tomography showed that
dopamine transporter activity in the striatum, which was higher than that in the control
group before treatment, decreased after treatment and showed no significant difference
from controls. The normalization of dopaminergic neurotransmission confirmed the clinical
effect of methylphenidate. Furthermore, positron emission tomography with Cllaltropanea
was carried out for a comparative experiment that took into account a history of medication
and smoking, and the results showed that the dopamine transporter was significantly
increased at the caudate nucleus (on the right) in adult attention deficit hyperactivity
disorder cases. Therefore, deregulation of the dopamine transporter resulted in attention
deficit hyperactivity disorder (Spencer, 2007). These findings are consistent with the
hypothesis that the striatum is involved in the regulation of complicated cognitive function
and that the putamen is involved mostly in the control of physical function.
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The over-expression of the dopamine transporter in the striatum in humans was confirmed
by a number of studies using single photon emission computed tomography and positron
emission tomography, but examinations of a bilateral difference of the dopamine
transporter in the striatum are not consistent. The distribution of the dopamine transporter
is greatly dependent on site, and distribution density is much higher in the striatum than in
the frontal lobe, which is known to have the dopaminergic system at the highest density in
the cerebral cortex (Stahl, 2008).

As described previously, the monoamine system is responsible for not only conventional
neurotransmission via synapses, but also volume transmission without the involvement of
synapses. Dopamine carries out neurotransmission in a wide area in the prefrontal area by
spreading to the outside of synapses, as well as synaptic clefts, and it is involved in frontal
cortex functions, such as selective attention at the dorsal anterior cingulate gyrus, sustained
attention in the dorsal lateral prefrontal area, regulation of hyperkinesias in the premotor
cortex, and impulsivity control in the orbitofrontal cortex.

4.2 Serotonergic neurotransmission in attention deficit hyperactivity disorder

4.2.1 Interaction between dopaminergic and serotonergic systems

Previous studies of the dopaminergic system in the mesocorticolimbic pathway in attention
deficit hyperactivity disorder model rats have demonstrated a loss of function in 6-
hydroxydopamine rats, a loss of function and gain of function in spontaneously
hypertensive rats, and a gain of function in dopamine transporter knockout/knock-down
mice. The anatomical characteristics of the serotonin neuron system suggest a mechanism
for disinhibition of the dopaminergic system in association with loss of function in the
serotonergic system. Therefore, it is highly likely that abnormalities not only in the
dopaminergic system, but also in the serotonergic system are involved in the pathogenesis
of attention deficit hyperactivity disorder.

When 6-hydroxydopamine is administered to neonatal rats, they show hyperkinesias for a
specific period after birth. In this model, 6-hydroxydopamine destroyed dopaminergic fibers
in the prefrontal area and striatum, and dysfunction of the dopaminergic system or the
ensuing dopamine receptor hypersensitivity is considered the underlying mechanism for
hyperkinesias. Serotonin fiber density is increased remarkably in the striatum of these 6-
hydroxydopamine model rats and mice. It has been reported that the excessive control of
the serotonergic system is involved in the inhibition of hyperkinesias by a central nervous
system stimulant. The delicate balance between the dopaminergic and serotonergic systems
is thought to be necessary for normal behavior and monoamines are likely involved in
heterogeneity (sub-classification) of attention deficit hyperactivity disorder. In general,
when this disorder in the dopaminergic system is predominant, destructive and aggressive
behavior is less frequent, and hyperkinesias and attention deficit are the chief complaints of
attention deficit hyperactivity disorder. However, when impairment in the serotonergic
system is predominant, not only hyperkinesias and attention deficit, but also destructive
and aggressive behavior are observed in attention deficit hyperactivity disorder.

4.2.2 Direct involvement of the serotonergic system in attention deficit hyperactivity
disorder

Dopamine transporter knockout mice are known as an attention deficit hyperactivity
disorder animal model. The administration of methylphenidate alleviates the hyperkinesias
in dopamine transporter knockout mice. However, since dopamine transporter, a target of
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methylphenidate, is deficient in this mouse model, it is reasonable to conclude that the effect
is exerted via other neuron systems. When a serotonin transporter inhibitor (a selective
serotonin reuptake inhibitor) is administered in this mouse model, hyperkinesias are
alleviated despite no change in extracellular dopamine concentrations (Gainetdinov, 1999).
On the other hand, when a selective noradrenalin transporter inhibitor (a selective
noradrenalin reuptake inhibitor) is administered, hyperkinesias are not alleviated, which
suggests that serotonergic neurotransmission is involved in the functional mechanism of
methylphenidate for the improvement in attention deficit hyperactivity disorder symptoms.
The serotonergic system per se is directly involved in attention deficit hyperactivity disorder
and is involved mostly in sustained attention, particularly in the dorsal lateral prefrontal area.
Recently, serotonin at the dorsal striatum and prefrontal area has been suggested to play an
important role in inhibiting impulsivity in decision-making and aggressiveness (Doya, 2008).
Selective serotonin reuptake inhibitors improve attention deficit hyperactivity disorder
symptoms via the 5-HT1A, 5-HT2A, and 5-HT2C receptors. Since 5-HT1B receptor-deficient
mice show hyperkinesias and aggressiveness, the 5-HT1B receptor has attracted attention as
a genetic factor of attention deficit hyperactivity disorder, and the relationship between the
subtypes of attention deficit hyperactivity disorder and the attention deficit-predominant
type has also been examined (Smoller, 2006).

5. Conclusions

Serotonin is the earliest developing neurotransmitter system in the mammalian brain, and
eventually becomes the mostly widely distributed system in the brain, contacting most cells
of the cortex. Thus, the serotonin neuron system develops early enough, and is sufficiently
widespread that it can influence maturation of many other regions in the brain. The
serotonin neuron system that develops at the early stage has a core influence on neural
development, morphogenesis, and synapse formation and maintenance. The control of the
serotonin neuron system over other monoamine neurons, in particular, dopamine neurons,
has been demonstrated. These neuroanatomical findings are important for understanding
the pathogenesis of developmental disorders.

In autism spectrum disorders, abnormalities in the brain stem-subcortical structure (caudate
nucleus, putamen, and pallidum)-cerebellum network, as well as the hippocampus, piriform
gyrus, and cingulate gyrus, plays a central role in the pathogenesis. Since most parts of the
brain that have been reported to be responsible for autism spectrum disorders strongly
receive projections from the serotonin neuron system, dysfunction of serotonergic
neurotransmission is considered to be the core of the pathogenesis of autism spectrum
disorders. Abnormalities in the serotonergic system are thought to cause disturbances in the
sleep/arousal rhythm observed from the early stages of autism spectrum disorders, poor
social skills, and adaptation disorder to a new environment. Dysfunction in the
dopaminergic and noradrenergic systems in the neocortex-subcortical structure-cerebellum
pathway is the core of the pathogenesis of attention deficit hyperactivity disorder, and the
serotonin neuron system is related not only with the abnormality in the catecholaminergic
system, but also directly with the pathogenesis of attention deficit hyperactivity disorder.
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1. Introduction

Autism Spectrum Disorders (ASD) are associated with atypical social, behavioral and
physiological characteristics. Here we outline an emerging connection among the increased
incidence of epilepsy, disrupted sleep and perseverative behaviors exhibited and sought by
persons with autism. Specifically, we propose that persons with autism can benefit from
increased levels of adenosine, a powerful inhibitory neuromodulator and the core molecule
of adenosine triphosphate (ATP). We review the literature and present recent data obtained
via a customized questionnaire administered to parents of children with a confirmed autism
diagnosis. This customized questionnaire demonstrates that symptoms of autism are
reduced subsequent to stimuli predicted to increase adenosine. In addition, we present
evidence from the literature and pilot data from a retrospective study of children with
epilepsy or epilepsy and autistic behavior who were treated with a ketogenic diet, a long-
established anticonvulsant therapy that recently has been shown to suppress seizures via
the adenosine A; receptor (A1R) subtype. Our discussion focuses on the actions of adenosine
in the central nervous system, with multiple implications for ASD, and the potential for
developing new evidence-based therapies. Taken together, published peer-reviewed
research and recent preliminary research suggest that adenosine could help resolve multiple
physiological and behavioral symptoms of ASD.

2. Adenosine - role in physiology and behavior

Adenosine is a purine molecule present throughout the body. In the central nervous system
it is increasingly appreciated as a homeostatic bioenergetic network regulator (Boison et al.,
2011). Fundamental to its homeostatic influences on neuronal networks are adenosine’s
integral roles in metabolism and cell signaling, and its regulatory influence as an obligate
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by-product of transmethylation reactions. In terms of metabolism, adenosine is the core of
arguably the most important purine, adenosine triphosphate (ATP), the pre-eminent cell
energy molecule, and also of related adenine nucleotides adenosine diphosphate (ADP) and
adenosine monophosphate (AMP); these purines determine overall cell energy charge
(Dunwiddie & Masino, 2001). In terms of signaling, adenosine binds to a family of
membrane-bound G protein-coupled cell-surface receptors (A1, Aza, Az, As) to influence
membrane potential, synaptic transmission and second messenger signaling (Ralevic &
Burnstock, 1998; Dunwiddie & Masino, 2001). Its ubiquitous presence in every cell,
widespread receptor distribution, and tonic levels throughout the extracellular space -
sufficient to activate a subset of these receptors - make adenosine a key player in neuron-glia
interactions (Fields & Burnstock, 2006), and able to exert a dynamic and broad regulatory
influence.

Adenosine A; receptors (AiRs) and adenosine Az receptors (Az2aRs) have the highest
affinity for adenosine and the most predominant ongoing functional effects in the central
nervous system (Fredholm et al., 2005). Generally, AiRs serve to decrease synaptic
transmission and decrease cAMP, whereas A»aRs facilitate transmission and increase cAMP
(Schulte & Fredholm, 2003). AiRs are expressed widely throughout the brain (Goodman et
al,, 1982), and AzaRs are highly concentrated in the basal ganglia and olfactory tubercle
(Rosin et al., 2003). Thus, many effects of adenosine are location- and subtype-specific. These
two receptor subtypes are both targeted by caffeine, a non-selective A{R/ AR antagonist and
the most widely used psychoactive drug world-wide (Fredholm et al., 1999).

A1Rs exert a tonic inhibition on excitatory transmission via pre- and postsynaptic actions
(Ralevic & Burnstock, 1998; Dunwiddie & Masino, 2001). The inhibitory effects of AiRs are
well-known to prevent and stop seizures (Dunwiddie & Worth, 1982), reduce anxiety (Florio
et al., 1998; Johansson et al., 2001), and promote neuronal survival during times of severe
cell stress (Fredholm, 1997). Blocking the ongoing influence of AiRs can precipitate or
prolong seizures and reduce neuronal survival, and enhancing their actions offers seizure
protection (Dunwiddie, 1999) and neuroprotection (Fredholm, 1997). Events such as strokes,
seizures, or other metabolic dysfunctions are associated with a net dephosphorylation of
ATP and a large increase in extracellular adenosine (Latini & Pedata, 2001) and its inhibitory
influence via AiRs can reduce excitotoxicity and short-circuit further metabolic demand.
Thus adenosine was initially regarded as a “retaliatory metabolite,” as it acts to maintain
metabolic and network homeostasis during cell stress (Newby, 1984).

More recently we have recognized that the homeostatic impact of adenosine is regulated
dynamically under non-pathological conditions, and regulated largely by astrocytes
(Halassa et al., 2009). ATP and adenosine are released directly from astrocytes (Pascual et
al., 2005), and ATP is dephosphorylated rapidly to adenosine in the extracellular space
(Dunwiddie et al., 1997; Cunha et al., 1998); the level of extracellular adenosine is regulated
primarily by intracellular astrocyte-based adenosine kinase (Gouder et al., 2004; Boison,
2006).

3. Purines and autism

Adenosine affects general arousal, and increased adenosine at AiRs reduces anxiety;
conversely, decreased AR activation can increase anxiety (Florio et al., 1998; Johansson et
al., 2001). Both AiRs and A»aRs may be involved in adenosine’s ability to promote sleep
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(Rainnie et al., 1994; Porkka-Heiskanen, 1999; Huang et al., 2005). Notably, increased seizure
propensity, disturbed sleep and anxiety are all found commonly in persons with ASD
(Malow, 2004; Polimeni et al., 2005; Oswald & Sonenklar, 2007), suggesting that an increased
influence of adenosine could reduce all three co-morbidities.

In dopamine-containing areas, A»aRs are expressed at higher levels than in other regions,
and A»aRs have an opposing relationship with dopamine D, receptors. Increased adenosine
receptor activation reduces D- receptor activation (Fuxe et al., 2007), and the two receptors
form a functional heteromer (Ferre et al., 2007). This complex also seems to be under the
control of AiRs, and adenosine agonists have been shown to reduce repetitive behaviors
(Poleszak & Malec, 2000; Tanimura et al., 2010). Therefore, in addition to reducing general
excitability through increased A;R activation, adenosine can influence dopamine-related
behaviors through multiple adenosine receptor subtypes and reduce behavioral pathologies
- such as repetitive behaviors, which are particularly relevant for ASDs - through these
interactions. At this time the research evidence linking adenosine to repetitive behaviors is
growing, but not as strong as the link between adenosine and epilepsy. It is important to
note that dopamine is involved in many aspects of behavior, and increasing adenosine in
dopamine-containing areas could impact motivation (Salamone & Correa, 2009); the full
complement of positive and negative effects and their interactions in ASD would be difficult
to predict.

Abnormalities in purine metabolism have been observed in autism (Nyhan et al., 1969; Page
& Coleman, 2000; Bottini et al., 2001; Marie et al., 2002; Page & Moseley, 2002), but have not
been linked directly to core symptoms of the disorder or receptor-mediated effects on
neuronal function, and purinergic strategies have not been exploited for practical clinical
benefits. Whereas some symptoms and behaviors are likely due to aberrant neuroanatomical
development and other genetically-determined substrates, increasing the inhibitory
influence of adenosine could help significantly with multiple behavioral and physiological
sequelae.

3.1 Symptoms of autism and regulation of adenosine

Recent work suggests adenosine dysregulation may be associated with psychiatric disorders
such as schizophrenia (Boison et al., 2011). In general it is not surprising that a brain-wide
metabolic/neuronal regulator such as adenosine could influence multiple co-morbidities
associated with complex psychiatric disorders. The co-existence of neurological/psychiatric
disorders is also becoming more appreciated, and observed in adults as well as children and
adolescents (Jones et al., 2008). As just a few examples, there are well-documented
comorbidities between epilepsy and depression/anxiety (Kanner, 2004, 2008; LaFrance et al.,
2008; Ekinci et al., 2009), schizophrenia (Hyde & Weinberger, 1997), and, more broadly,
sleep disorders and psychiatric disorders (Reeves et al., 2010), including autism (Spence &
Schneider, 2009; Jeste, 2011). As noted above, based on behavioral and physiological
characteristics of ASD, including impaired sleep (Malow, 2004; Polimeni et al., 2005),
increased seizures (Malow, 2004; Canitano, 2007; Spence & Schneider, 2009), anxiety
(Chalfant et al., 2007), and perseverative behaviors (Ridley, 1994; Liss et al., 2006), an
insufficient influence of adenosine might underlie some symptoms. These parallels are
summarized in Figure 1. Alternatively, even if levels are normal, increased adenosine may
still be beneficial, offering short term improvements and potentially facilitating more long-
term changes.
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SYMPTOMS OF AUTISM

Disrupted
sleep
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Fig. 1. Key actions of adenosine in the central nervous system can target multiple symptoms
of autism. Increased adenosine at the cellular level alters physiology and behavior
(promoting sleep, and decreasing seizures, anxiety and repetitive behaviors). This cohort of
outcomes can target overlapping co-morbidities and symptoms of autism (sleep disruption
and increased seizure propensity, repetitive behaviors and anxiety).

Research has shown that diverse stimuli such as mechanical pressure or sudden physical
impact (Franke et al., 2006), seizures (Whitcomb et al., 1990), intense exercise (Dworak et al.,
2007), increased temperature (Masino & Dunwiddie, 1999), decreased pH (Dulla et al., 2005;
Dulla et al., 2009) and reduced glucose (Kawamura et al., 2010) can all increase brain
adenosine directly (or indirectly via ATP dephosphorylation: Dunwiddie et al., 1997; Cunha,
2001; Zhang et al., 2003; Pascual et al., 2005) and thus modulate synaptic transmission within
minutes. Most of these effects appear to reverse rapidly; others are relatively long-lasting
(up to hours) or related to chronic changes in physiology. For example, acupuncture has
been shown to increase local adenosine, perhaps related to the mechanical stimulation
(Franke et al., 2006; Goldman et al., 2010). Other recent work suggests that a ketogenic diet,
an effective treatment for pediatric epilepsy, might act via AjRs (Masino & Geiger, 2008;
Kawamura et al.,, 2010; Masino et al., 2011b). Unfortunately, it is impractical to measure
brain adenosine in humans (necessarily an invasive procedure), and adenosine levels
outside the central nervous system (e.g., in plasma or urine) are not informative.

In compiling a list of stimuli known to increase adenosine it becomes apparent that many
behaviors exhibited by persons with ASDs or shown to improve symptoms could be related
to one of these physiological changes - e.g. mechanical pressure, including rocking or
spinning and Grandin’s “hug machine” (Edelson et al., 1999; Escalona et al., 2001), fever
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(Curran et al., 2007), etc. Therefore, some behaviors expressed by persons with autism could
be attempts at metabolic and neuronal homeostasis via increased adenosine. Engaging in
adenosine-increasing activities could thus lead immediately to decreased symptoms of
autism.

Ongoing work testing the relationship between adenosine and autism is proceeding in
animal models. However, because no animal model represents the human condition entirely
(which itself is a broad spectrum of complex behaviors), we felt it was important to test
initially for evidence for a link between adenosine and ASD in humans. As noted, direct
tests in humans to assay or manipulate adenosine in a meaningful way would involve
highly invasive measurements or manipulations, or, potentially, drugs which are not
approved in children. Initial work, described below, and coupled with evidence in animals,
will be building blocks for pursuing this further.

3.2 Predictions and outcomes - adenosine and autism spectrum disorders
symptomatology

Based on animal research suggesting non-pathological stimuli that could increase
adenosine, we explored the possibility of a beneficial relationship between autism and
adenosine via a customized behavioral questionnaire focused on behaviors typical of ASD
(Masino et al., 2011a). Subjects were recruited with the assistance of the Interactive Autism
Network (IAN) Research Database at the Kennedy Krieger Institute and Johns Hopkins
Medicine - Baltimore, sponsored by the Autism Speaks Foundation. Participants had
received a formal autism diagnosis according to DSM-IV criteria made by a qualified
professional (e.g., psychologist, psychiatrist) and were above a threshold score of 12 on the
Social Communication Questionnaire (SCQ) parent-report measure (Rutter et al., 2003).
Autism diagnosis was confirmed by IAN staff; fully 98% of participants ascertained as on
the spectrum according to standard IAN phenotyping procedures were ASD-positive
according to clinicians’ best estimate (Lee et al., 2010).

Along with basic information such as age, diagnosis and verbal level, we queried behavioral
changes following activities identified as expected to increase, decrease or have no effect on
adenosine. Our final data set included responses from 155 parents of children with a
confirmed ASD diagnosis. Parents were naive to all study hypotheses.

Results from this study revealed a significant relationship between engaging in stimuli pre-
assigned as expected to increase adenosine and parental report of decreased severity of ASD
symptoms (Masino et al., 2011a). We found a trend for persons diagnosed with Asperger’s
to show a stronger behavioral effect of adenosine-increasing activities, a finding which
deserves additional exploration. In general, the significant effects of adenosine-increasing
activities were unrelated to participant age, gender, or verbal level. These results suggest
that, if validated, increasing adenosine could have broad applicability to ASD.

Interestingly, we found a significant relationship between reported caffeine intake and
reduced symptoms of autism. Because the dose of caffeine was not controlled, and because
the effect of caffeine on the nervous system is determined by both the dose and the
frequency, it is not possible to make strong interpretations based on this finding. However,
akin to the trend for more beneficial effects on persons with Asperger’s, the relationship
between caffeine and autism deserves further exploration; along these lines, recently others
have also posited a relationship between caffeine and autism (Ghanizadeh, 2010). Because of
its well-established safety profile and limited side effects, vast epidemiological database,
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and known actions in the nervous system, caffeine is being considered as a low-cost
adjuvant or for its own therapeutic potential in multiple neurological disorders (Arendash &
Cao, 2010; Cunha & Agostino, 2010; Prediger, 2010; Chen & Chern, 2011).

4. Metabolic regulation of adenosine - ketogenic diet

The ketogenic diet is a restrictive diet high in fat and low in carbohydrate that
significantly reduces the frequency of seizures. Epilepsy is characterized as a disorder of
unprovoked spontaneous seizures, which affects approximately 1% to 3% of population
(Shneker & Fountain, 2003); rates of epilepsy in ASD are substantially higher - with
estimates ranging from 5% up to 40% (Canitano, 2007). The most common treatment for
epilepsy is antiepileptic drug therapy; the ketogenic diet is a metabolic treatment whereby
limiting carbohydrates restricts available glucose and initiates ketone-based (ketogenic)
metabolism. This dietary approach forces the use of ketones for energy, a metabolic shift
which also occurs during fasting (Aoki, 1981; Hartman & Vining, 2007). Although the
exact neural mechanisms of the ketogenic diet are currently unknown (although under
active investigation by a number of laboratories), its efficacy in reduction of seizures has
been described extensively. In particular, studies have demonstrated that the ketogenic
diet can decrease seizure frequency by more than 50% in one-third to one-half of children,
and eliminate seizures in 10-15% of children in 6-12 months (Vining et al., 1998; Keene,
2006).

Despite its high success rate, the ketogenic diet is typically offered very infrequently.
Notable exceptions include proper diagnosis of a very few metabolic conditions where it is
becoming known as the preferred therapy, and others where it is gaining ground as a
potential first-line therapy (e.g. GLUT-1 deficiency syndrome). In parallel, it is specifically
contraindicated for a small set of metabolic conditions (Kossoff et al., 2009). When a
ketogenic diet is offered, it is typically a “last resort” therapy - after attempting at least two
(and often more) antiepileptic drugs. The major problems associated with the diet are the
inconvenience - preparation of special meals - and negative side effects in a subset of
patients including vomiting, weight loss, increase in serum lipids, acidosis, gastric problems
or renal stones (Groesbeck et al., 2006; Keene, 2006; Freeman et al., 2007). Although most of
these are rare or short-term, the diet is usually only prescribed to patients with multiple
seizures per day, unacceptable drug-related side effects, or seizures that are not sufficiently
responsive to anti-epileptic drugs.

Despite a clear link between energy metabolism and brain activity established by historical
observations and clinical and basic research, the first randomized, prospective, clinically
controlled study using a ketogenic diet has been published only recently (Neal et al., 2008). At
last, this much-needed clinical research report proved (at a higher scientific standard -
prospective, randomized) what had been reported in many other research studies and
observed clinically for many decades: the ketogenic diet is an effective treatment for pediatric
epilepsy, and it can be successful even in cases of medically-intractable epilepsy (Kinsman et
al., 1992; Vining et al., 1998). In this study, the number of seizures observed in children placed
on the diet decreased by 38% in three months. In contrast, the number of seizures observed in
a matched group of children who continued their current treatment increased by 37% in 3
months. In some children who started the ketogenic diet seizures stopped entirely, whereas
this was never observed in the control group. This report and an accompanying commentary
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(Wiznitzer, 2008) note that the critical mechanisms underlying the success of the diet remain
unknown, and this knowledge gap has thus far stymied efforts to develop treatments based on
the metabolic changes precipitated by the ketogenic diet.

Recent research suggests that the ketogenic diet may act by increasing the influence of

adenosine acting at A1Rs (Masino & Geiger, 2008; Kawamura et al., 2010; Masino et al., 2011b).

Other research suggests that the ketogenic diet acts by reducing reactive oxygen species and

oxidative stress (Sullivan et al., 2004; Davis et al., 2008), direct actions of ketone bodies on ion

channels (Ma et al., 2007) or transporters (Juge et al., 2010), or increased GABA (Yudkoff et al.,

2007). Any of these mechanisms could be highly beneficial in ASD, which is associated with

disinhibition (Hussman, 2001; Fatemi et al., 2009a,b) and oxidative stress (James et al., 2004;

McGinnis, 2005; James et al., 2006). While the link between the efficacy of the ketogenic diet

and increased adenosine is still emerging, there are at least 3 strong reasons why - based on

well-established evidence - a ketogenic diet could be helpful in autism:

1. The ketogenic diet treats epilepsy. A high percentage of children with autism have
epilepsy. Importantly, these numbers might be higher with the routine ability to
measure electrographic (non-behavioral) seizures and altered subcortical activity.

2. The ketogenic diet reduces reactive oxygen species and oxidative stress. Autism is
associated with increased oxidative stress.

3. Most importantly, an established, medically-supervised diet-based strategy is cost-
effective and available to translate immediately into practical benefits.

It is important to note that both adenosine and a ketogenic diet can stop drug-resistant
epilepsy, suggesting mechanisms other than those targeted by existing drugs. Both mobilize
a broad homeostatic bioenergetic regulation (Boison et al., 2011) and thus may be best suited
to address a broad spectrum of symptoms with limited side effects.
Since we published a hypothesis that a key therapeutic aspect of a ketogenic diet is to
increase adenosine acting via A1Rs (Masino & Geiger, 2008) this hypothesis has been tested
in three ways: (1) we explored an in vitro model of ketogenic diet electrophysiologically in
individual neurons, (2) we administered a ketogenic diet in vivo to three types of transgenic
mice, all with spontaneous electrographic seizures due to decreased A;R signaling, and (3)
we tested the ability of a ketogenic diet to reduce pain and inflammation, a prediction of this
hypothesis. Respectively, we found that (1) metabolic conditions designed to mimic a
ketogenic diet in brain slices mobilized a novel autocrine regulation of neuronal activity via
adenosine acting at A;Rs (Kawamura et al, 2010), (2) a ketogenic diet reduced
electrographic seizures in mice with intact AiRs, but did not in mice lacking A;Rs (Masino et
al.,, 2011b), and (3) a ketogenic diet reduced pain and inflammation, as predicted (Ruskin et
al., 2009).
While data continue to emerge, and multiple mechanisms could play a role, together these
studies suggest that a ketogenic diet reduces seizures by increasing adenosine-mediated
inhibition and offer insight into therapies for other clinical conditions where adenosine is
known or hypothesized to offer clinical benefits. Using a retrospective analysis, we explored
the effects of the ketogenic diet on behavior and temperament of children with epilepsy with
or without hallmark symptoms of autism.

4.1 Ketogenic diet - retrospective analysis in children
To evaluate the effects of a ketogenic diet on symptoms of autism, alongside changes in
seizure frequency, behavior and mood, we identified children who began dietary therapy
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because of their epilepsy diagnosis. Based on decades of research and consistent clinical
findings, we expected diet therapy to reduce seizures significantly in the majority of these
children. At the same time, because of the high incidence of epilepsy in children with autism, a
subset of these children with pediatric epilepsy exhibited co-morbid symptoms of ASD. Thus,
we were able to assess changes in behavior in children with or without symptoms of ASD in
parallel with other physiological and neurological outcomes of diet therapy. In this way we
examined the outcomes based on treatment with a standard diet protocol, available currently
to any clinician and in use at many centers nationally and globally.

Using a retrospective analysis we examined clinical and behavioral features of children with
epilepsy between 18-months and 12-years of age who initiated the ketogenic diet at
Connecticut Children’s Medical Center between January 2004 and January 2009. All aspects
of the study were approved by the Institutional Review Board. Potential participants in this
retrospective study were identified using the ketogenic diet database at the Connecticut
Children’s Medical Center. Because some measures used in this study are only available
currently in English, children with non-English speaking parents were excluded.

Parents of selected children were invited to participate in the study with a phone call. After
obtaining a verbal consent, questionnaires were mailed to the parents. The participating
children, whose parents filled out the questionnaires, were divided into two groups: subjects
currently on the ketogenic diet (KD group) and subjects who discontinued the ketogenic
diet (non-KD group). Children in the KD group had stayed on the diet for at least 6 months,
and children in the non-KD group stopped the diet at least 2 months before the testing.
Demographic and clinical data were collected from chart review.

Statistical analyses (Student t-test, Pearson test, and chi-square test) were performed to
compare the differences between the KD group and the non-KD group. To dissociate
differences related to either autism or cognitive impairment, subjects who were assessed as
autistic based on their Child Autism Rating Scale score (filled out by parent) and subjects
who were evaluated as cognitively impaired by a neurologist were analyzed separately.

In this initial retrospective analysis there was no difference in the number of boys versus
girls (10 each) and no substantial difference in the number of children who were still on the
ketogenic diet versus those who continued the diet (11 and 9, respectively) or the average
age of the KD versus non-KD group (6.4+0.8 and 8.3+1.1, respectively, P=0.18). We expected
to find a significant different in seizure frequency, and although there was a trend in the
average number of seizures per week in each group (KD group, 1618 seizures per week;
non-KD group, 99452 seizures per week) there was high variability (and thus the lack of
significance) due primarily to two clinically-expected outcomes: (1) some children in the
non-KD group became seizure-free after being on the diet, and went off the diet with a
current score of zero seizures per week; (2) children who did not comply and stay on the
diet, or for whom the diet didn’t work, had more than 100 seizures per week. Both of these
types of cases were included in the non-KD group. These data are summarized in Table 1.

KD Group Non-KD group | P value
Number 11 (6 females) 9 (4 females) 1.0
Age 6.4+0.8 8.3£1.1 0.18
Number of Seizures/week 1618 99+52 0.10

Table 1. Summary statistics of children who were on the ketogenic diet (KD-group) or children
who started but were not currently on the ketogenic diet (non-KD group) at Connecticut
Children’s Medical Center from January 2004-January 2009. See text for additional details.
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We also considered whether the children were autistic only, cognitively impaired only, or
autistic and cognitively impaired. There was no difference in the number of children who
were autistic and cognitively impaired in each group (KD group: 5/11; non-KD group:
4/9); the numbers in other categories were too small for statistical comparison.

Statistical analysis of data from the Child Behavior Checklist showed that subjects who were
still on the ketogenic diet (KD group, n=11) had significantly fewer behavioral problems
than subjects who were no longer on the ketogenic diet at the time of testing (non-KD
group, n=9; 2 (1), P<0.05). When analyzing separately cognitively impaired children and
autistic-like children, we found that in both of these subgroups, the subjects who were
currently on the ketogenic diet (KD group) had better behavioral traits than subjects who
had already stopped ketogenic diet treatment (non-KD group); P<0.001 and P<0.01,
respectively; (Svedova et al., 2010). Effects of the ketogenic diet on behavior of children will
continue in ongoing retrospective and prospective studies.

Although these data are preliminary, they add to positive outcomes discussed below in
previous prospective studies (Pulsifer et al., 2001; Evangeliou et al., 2003) and anecdotal
reports. Along with evidence that a ketogenic diet increases AR activation, evidence that
A1Rs decrease anxiety, and evidence that either a ketogenic diet or AiR activation decreases
seizures, a proven metabolic approach such as a ketogenic diet should be considered for
ASDs.

4.2 Ketogenic diet, adenosine and autism

Previous studies have shown that autism is caused by one or more gene defects, which can
affect brain development, cell signaling, cell transport or structure (Santangelo & Tsatsanis,
2005; Zhao et al., 2007). It has been suggested that some of these gene defects may result in
metabolic dysfunctions that can eventually cause behavioral abnormalities associated with
autism, and several metabolic disorders present symptoms similar to autism, underscoring a
link between autism and metabolism (Zecavati & Spence, 2009).

Based on these findings, there have been numerous attempts to treat autism with different
types of restrictive diets, and dietary therapies remain popular in the autism community.
Here we have focused our discussion primarily on the ketogenic diet, based on (1) the
proven clinical success of the ketogenic diet for epilepsy, and preliminary positive results
with autism, (2) in vivo and in vitro research evidence linking the ketogenic diet to
adenosine, and (3) a recent retrospective study of the classic ketogenic diet in children with
epilepsy and autism, discussed above.

In general, gastrointestinal problems and metabolic disturbances appear to be closely
related to ASD, and there are several known metabolic impairments that are associated
with autistic symptoms. These include phenylketonuria, adenylsuccinate lyase deficiency,
histidinemia, or hyperuricosuric autism (Page & Coleman, 2000). The prevalence of food
allergies (Gurney et al., 2006) and the incidence of at least 25-30% of children with autism
suffering from chronic diarrhea, constipation or food issues (Page & Coleman, 2000;
Ibrahim et al., 2009), suggest that some types of ASD may be treated with dietary
restrictions. In the past few decades, several diets have been described in terms of their
effects on symptoms of autism, including gluten-free, casein-free (GFCF) diet, specific
carbohydrate diet, body ecology diet, or ketogenic diet (Srinivasan, 2009). A survey by
Witwer and Lecavalier (2005) estimated that 15.5% of autistic children or adolescents were
on modified diets for treatment of autism. It should be noted that that in several studies,
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including a double-blind placebo-controlled intervention, the GFCF diet was found to
have no benefits for ASD (Elder et al., 2006; Millward et al., 2008), and has been associated
with protein malnutrition (Arnold et al., 2003). Thus, the specificity of GFCF approaches
to symptoms of ASD should be viewed with caution.

Direct evidence supporting a beneficial relationship between a ketogenic diet and autism
comes from one published report - a prospective study - which tested the effects of a
ketogenic diet in children with autism (Evangeliou et al., 2003). However, there are multiple
unpublished anecdotal reports (Beth Zupec-Kania, personal communication), including
reports of dramatic success with a ketogenic diet in autism. In the prospective study,
Evangeliou et al. applied a ketogenic diet protocol to children with autism and found that
60% of diet-compliant children aged 4-10 who participated for 6 months showed an
improvement in their symptoms. Significant improvement (> 12 points on the Childhood
Autism Rating Scale) was recorded in 2/18 patients, average improvement (> 8-12 points) in
8/18 and minor improvement (> 2-8 points) recorded in 8/18. Notably, the diet protocol
included 4 weeks on and 2 weeks off the ketogenic diet - a different regimen than
administered typically for treatment of epilepsy. Still, these results are promising and
provide preliminary data supporting a link between a ketogenic diet and autism, and
potentially among autism, adenosine and a ketogenic diet. The biggest improvements were
quantified in those patients who showed only mild autistic behavior, similar to our findings
for a trend for the biggest benefit for adenosine-increasing activities in individuals with
Asperger’s (Masino et al., 2011a).

In addition to a reduction of their seizures, children on the ketogenic diet can enjoy other
benefits - including reduced drug intake and general improvements in cognition, alertness,
development, attention and social life (Kinsman et al., 1992; Sirven et al., 1999; Pulsifer et al.,
2001; Hallbook et al., 2007; Hallbook et al., 2007), and - as we found in our retrospective
study - fewer behavioral problems (Svedova et al., 2010). However, the number of studies
researching the effects of the ketogenic diet on behavior and cognition of children remains
surprisingly limited. A single prospective study conducted by Pulsifer et al. (2001) focused
on the effects of the ketogenic diet on behavior and development of children with intractable
epilepsy. The children were evaluated at the diet initiation and after one year using three
parental report measures: Developmental Profile-2nd edition, Child Behavior Checklist, and
Parenting Stress Index-Short Form. The results demonstrated an overall significant
improvement in developmental functioning. In addition, the Child Behavior Checklist
showed a significant improvement in attention and social problems. Interestingly, the
authors commented that the developmental and behavioral improvements were not
statistically related to better seizure control or to reduced intake of antiepileptic drugs.

A recent study examining the efficacy of writing parental goal letters prior to initiating the
ketogenic diet showed that improvements in cognition and alertness were stated as the third
most common goal (Farasat et al., 2006). Interestingly, the study suggested that cognition
and alertness improvements were more likely to lead to long-term adherence to the diet -
more so than improved seizure control or a decreased intake of antiepileptic drugs. From
this observation, it is evident that potential improvements in cognition and behavior are
crucial for many parents. Unfortunately, as noted above, and despite many decades of
clinical use, there is a limited literature exploring the effects of the ketogenic diet on
behavior and cognition of children. However, a wealth of resources about the ketogenic diet
can be found on-line at the Charlie Foundation (www.charliefoundation.org).
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5. Conclusions

Here we propose adenosine as a beneficial neuromodulator for ASD symptoms based on
published research, behavioral and physiological symptoms of autism, and recent indirect
evidence obtained in children (parent report via a customized adenosine questionnaire and
retrospective analysis of children with epilepsy and with or without hallmark symptoms of
autism). Obtaining direct evidence (measuring adenosine accurately in humans) is too
invasive, and drugs that may increase adenosine have not been specifically established as
such, would need to be used “off-label,” and are not approved for use in children. Gathering
correlated evidence regarding changes in adenosine in animal models can proceed in parallel
with the type of “proof-of-principle” work gathered in humans and presented herein.

Beyond clinical endpoints indicating that increased adenosine would be beneficial in autism
- e.g., reduced seizures - adenosine would be predicted to be increased by the atypical
behaviors sought by persons with autism and offer short term benefits. Similarly, a
ketogenic diet would be predicted to reduce symptoms of autism. Our customized
questionnaire demonstrated highly significant changes - ASD symptoms were reduced after
stimuli predicted to increase adenosine. These initial results should be followed up with
more detailed controlled and prospective studies, and include stimuli that have been
verified to increase adenosine. In this respect, two conditions that might increase adenosine
(in different ways) include acupuncture and a ketogenic diet. Published research
(Evangeliou et al., 2003) and our retrospective study, described in more detail here, suggest
that a ketogenic diet does indeed offer multiple benefits for children with ASD.

Ketogenic diet is an existing treatment option at many institutions treating pediatric
epilepsy, and diet therapy appears to be increasing in popularity. Diet therapy works
typically within two weeks and certainly within three months, and thus clinical efficacy is
determined relatively rapidly after starting treatment. Even though the ketogenic diet is
now established as a clinically effective treatment in pediatric epilepsy, it has not been
explored adequately in other developmental disorders - such as autism - that may benefit
from seizure control and relief from diverse co-morbid symptoms. A more comprehensive
overview of the diverse potential benefits of a relationship between a ketogenic diet and
adenosine, including autism, is outlined in Masino et al. (2009).

It is important to remember that ketogenic diet therapy can result in a permanent reduction
in epileptic seizures, and some children remain seizure-free even after tapering off the diet.
The implication that permanent benefits could be achieved in ASD is incredibly enticing -
although there is no evidence at this time. Notably, however, the ketogenic diet is often
effective in treating seizures which are medically-refractory. In parallel with ongoing use of
the classic ketogenic diet, related dietary strategies such as low glycemic index therapy
(LGIT; Pfeifer & Thiele, 2005; Muzykewicz et al., 2009) and the modified Atkins diet (MAD;
Kossoff et al., 2003; Kossoff et al., 2008) are actively investigated for efficacy in epilepsy.
Because these diets are less restrictive than the standard ketogenic diet, they offer more
popular appeal and may represent different “doses” of a ketogenic diet. The classical
ketogenic diet is the most strict - highest “dose” and in some cases can offer seizure control
in patients who did not achieve sufficient control with the MAD (Kossoff et al., 2010).
Because there is neither a proprietary drug nor drug development required, clinically-
proven dietary strategies are translatable immediately to another pediatric population such
as autism. Although used less often, the ketogenic diet is effective in adults with epilepsy,
and thus could be considered for adults with ASD. There are currently no established
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effective treatments for ASD in children or adults, and no approved psychiatric drugs for
children, making the risks relatively small and the potential benefits quite large. A drug-
based strategy would be easier to administer and appeal to a wider patient population; a
“ketogenic diet in a pill” remains a hotly pursued therapeutic target (Rho & Sankar, 2008).
In general, a metabolic approach to increase adenosine could offer positive reinforcement,
including improved sleep and learning, and reduced seizures and anxiety. The combined
evidence of abnormal purine metabolism, stereotyped behaviors, increased seizures and
disrupted sleep suggests a general dysregulation of this modulator and thus potential new
insight into therapies for ASD. Success with metabolic adenosine-increasing approaches
could also provide an impetus for exploring adenosine-enhancing drugs in autism, and
establishing their safety and efficacy in children.

This work linking adenosine and autism integrates behavioral and neurobiological data,
puts forth a new theory regarding ongoing symptoms of autism, and - if translated to
clinical benefits - could address several areas of critical need. First, it targets co-morbidities
in the form of anxiety, sleep, and seizure disorders. It is well known that sufficient quality
and quantity of sleep is crucial for general mental health and optimizing learning and
memory. Second, it proposes a specific and novel neurobiological target for reducing the
ongoing symptoms of autism spectrum disorder - increased extracellular adenosine. Third,
it targets metabolic mechanisms that alter adenosine, rather than receptor-based strategies.
For decades researchers have attempted to develop adenosine-receptor based therapeutics
but side effects, particularly due to peripheral actions of adenosine, remain a roadblock
(Dunwiddie, 1999; Boison et al., 2011). This physiologic/metabolic approach, which shifts
the dynamic level of adenosine itself, is likely to have far fewer side effects when translated
into humans. Thus, some stimuli for increasing adenosine levels and decreasing ASD
symptoms may be immediately accessible environmental interventions involving changes in
diet or behavior, in parallel with pursuing more traditional pharmaceutical interventions.
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1. Introduction

Autism Spectrum Disorders (ASD) are a set of complex neurodevelopmental disorders
defined behaviorally by impaired social interaction, delayed and disordered language,
repetitive or stereotypic behavior and a restricted range of interest (Fombonne, 1999). ASD
affect nearly 1 in 110 children, and disproportionally affect four times as many boys as girls.
Comorbid symptoms often include seizures, sleep problems, gastrointestinal disorders, and
metabolic deregulation (Coury, 2010). As such, ASD are an enormous challenge for parents,
medical professionals, and educators. Their treatments put a significant financial strain on
healthcare systems worldwide. There is no pharmacotherapy proven effective for treating
the core deficits in ASD. There is also a paucity of biomarkers for autism. Both genetic and
environmental factors are thought to contribute to autism susceptibility (Courchesne, 2007;
Geschwind, 2009; Stidhof, 2008; Ramocki & Zoghbi, 2008), but because only some of the
genetic factors have been identified unequivocally thus far (Cook & Scherer, 2008; Levitt &
Campbell, 2009), finding effective treatments that target the underlying causes of ASD
remains a major challenge.

Identifying endophenotypes and biomarkers for complex and heterogeneous disorders such
as ASD are important not only to elucidate their etiologies, but also to identify suitable
biochemical molecules and pathways to target the treatment of core deficits. In this review,
we present a rationale that neuronal nicotinic acetylcholine receptor (nAChR) alterations are
biomarkers for ASD and that specific nAChRs subtypes are likely to be useful therapeutic
targets for the treatment of core deficits. This rationale is based on the synthesis of emerging
evidence from multiple types of studies, including our own, using postmortem, genetic,
functional, and molecular neurobiological methodologies from two disparate areas of
research - autism spectrum disorders and nicotine dependence.
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2. Neuronal nicotinic acetylcholine receptors

Neuronal nAChRs are a family of ion channels that are permeable to both monovalent (Na*
and K+) and divalent (Ca*+) cations and are formed by assembly of different combinations of
subunits termed o2 to ol0 and B2 to B4. These channels are heteropentamers with the
exception of the 07 nAChR, which is usually a homopentamer (Lindstrom, 1996; Lindstrom,
1997; Sargent, 1993). In neurons, nAChRs regulate the release of many different
neurotransmitters including acetylcholine, dopamine, y-aminobutyric acid (GABA),
glutamate, and serotonin at presynaptic sites (McGehee & Role, 1996) and mediate fast
synaptic transmission at postsynaptic sites (Zhang et al., 1996; Frazier et al., 1998a; Frazier et
al., 1998b). These functions have a broad range of physiological effects on reward, analgesia,
anxiety, affect, locomotion, attention, mood, learning, memory, and executive function
(Miwa et al., 2011). nAChRs can also modulate neurite growth (Pugh & Berg, 1994; Lipton et
al., 1988) and cell survival (Pugh & Margiotto, 2000; Messi et al., 1997; Kihara et al., 1997;
1998; 2001). nAChRs have been intensely studied for many decades not only to understand
their normal physiological roles, but more importantly to elucidate their pathophysiological
role in mediating addiction to nicotine in tobacco, because tobacco use among smokers, in
particular, results in greater than 400,000 deaths per year in the U.S. alone. In addition to
their role in nicotine addiction, nAChR dysfunctions are also implicated in other disorders,
including Alzheimer’s disease, Parkinson’s disease, schizophrenia, attention deficit-
hyperactivity disorder, anxiety disorders, Tourette’s syndrome, and depression (Newhouse
& Kelton, 2000; Newhouse et al., 2004; Mineur & Picciotto, 2010).

3. Alterations of nAChRs in ASD

3.1 Changes in 0432 nAChR expression

Examination of postmortem brains of individuals with ASD has identified major nAChR
abnormalities in multiple postmortem studies. In the first such study to be undertaken,
postmortem tissue from 7 adults with a mean age of 24 years was examined. High-affinity
3[H]epibatidine binding was reported to be significantly reduced in the frontal and parietal
cortex of these individuals with ASD compared to age-matched controls. Furthermore,
immunohistochemical analyses showed that the loss of 3[H]epibatidine correlated with
reduced expression of the a4 and B2 nAChR subunits. Notably, the mRNA for these two
nAChR subunits was not significantly decreased, suggesting that the reduction in nAChR
subunit levels resulted from an impaired posttranslational mechanism. Also,
3[H]pirenzepine binding to M1 and M2 muscarinic AChRs (mAChRs) was not significantly
altered, suggesting that the loss of nAChR expression resulted from deregulation of a
posttranslational mechanism that specifically affected nAChRs, but not mAChRs (Perry et
al., 2001). In a subsequent study, postmortem tissue from 8 adults with a mean age of 24
years was examined. Again, high-affinity [3H]epibatidine binding was reported to be
significantly reduced by greater than 50% in the cerebellar cortex of individuals with ASD.
High-resolution analyses of the autoradiographic data indicated that the loss of
3[H]epibatidine binding occurred in the granule cell layer, the Purkinje layer, and the
molecular cell layer of the cerebellum of individuals with ASD compared to age-matched
controls. Significant reduction in the expression of the a4 nAChR subunit, but not its mRNA
(Lee et al., 2002), was also observed and is consistent with the notion that 042 nAChR loss
results from an impaired posttranslational mechanism regulating it expression. In a third
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study, immunohistochemical analysis of postmortem brains from 3 adults with ASD of
mean age 29 years surprisingly showed no changes in the expression of the a4 nAChR
subunit in the thalamus compared to age-matched controls. However, reduction of the 2
nAChR subunit was observed in the paraventricular nucleus and nucleus reuniens of the
thalamus (Martin-Ruiz et al., 2004).

3.2 Changes in a7 nAChR expression

In contrast to the loss of 3[H]epibatidine binding and decreased expression of the a4 and B2
nAChR subunits, no significant change in the binding of 12°[-a-bungarotoxin to the a7
nAChR or immunohistological detection of the a7 nAChR (Perry et al., 2001) was reported
in the frontal and parietal cortex. In the cerebellar cortex, however, binding of o-
bungarotoxin to the a7 nAChR and immunohistological detection of the a7 nAChR did
show a significant increase in the expression of the a7 nAChR in the granule cell layer, but
not in the Purkinje cells or the molecular cell layer. Interestingly, similar to the B2 nAChR
subunit, reduction of the a7 nAChR subunit was also observed in the paraventricular
nucleus and nucleus reuniens of the thalamus. Thus, alterations in the expression of both the
04p2 nAChR and the a7 nAChR in individuals with ASD appears to show regional
specificity (Perry et al., 2001; Lee et al., 2002; Martin-Ruiz et al., 2004), suggesting that these
changes are compensatory and result from altered homeostasis of neural networks, rather
than the direct effect of a single molecule in a particular molecular pathway.

Two recent studies on rare genomic microdeletions and copy-number variations (CNVs)
revealed a possible involvement of the CHRNA?7 gene in some cases of autism. The first
study investigated segmental duplications at breakpoints (BP4-BP5) of chromosome
15q13.2q13.3 from 1441 individuals with autism from 751 families in the Autism Genetic
Resource Exchange (AGRE) repository (Miller et al, 2009). This genomic sequence spans
over 1.5 Mb and includes CHRNA?7. From this cohort 10 patients were identified with
genomic imbalance at chromosome 15q13.2q13.3, including five with BP4-BP5
microdeletions. Among the 1420 parents and 132 unaffected/unknown siblings no cases of
BP4-BP5 microdeletion were found. The second study on genomic CNVs explored the
genetic contribution to ASD in a large cohort of families (Simons Simplex Collection
consisting of 915 families) with a single autistic child and at least one unaffected sibling
(Levy et al., 2011). The contribution of the transmission of “ultrarare” variants to ASD, in
particular inherited genomic duplications was also estimated. A transmitted duplication
within the CHRNA7 gene was observed in 8 autistic children and 3 unaffected siblings
within 6 families. A further network-based analysis of genetic associations (NETBAG) of
that dataset strengthened the involvement of CHRNAY7 as one of the genes affected by rare
de novo CNVs in autism (Gilman et al., 2011).

4. nAChRs modulate multiple behaviors deficient in ASD

ASD is defined by three behavioral deficits, impaired social interactions, repetitive
behaviors, and delayed language. Multiple studies using animal models implicate a
functional role for nAChRs in some of these behavioral deficits in ASD. B2-containing
nAChRs regulate executive and social behaviors in studies using 2 nAChR subunit
knockout mice (Granon et al., 2003). Knockout 2 nAChR mice show a decrease in slow
exploratory behavior - a measure of cognitive function during which animals slowly and
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precisely explore their environment, a lack of sensitization to novel stimuli, and abnormal
social behavior during aggressive confrontations with other mice (Granon et al., 2003).
Recovery of the slow exploratory behavior was observed by injecting a lentiviral vector
expressing the f2 nAChR subunit into the ventral tegmental area (VTA) in the knockout
mice (Maskos et al., 2005). Re-expressing the B2 nAChR subunit in the prefrontal cortex also
improves social abnormalities in this knockout mouse. Increased social interaction and
decreased novel exploration in a social interaction paradigm with concurrent motivation
was ameliorated after stereotaxically injecting the f2 nAChR subunit into the prelimbic area
of the prefrontal cortex (PFC) (Avale et al., 2011).

As previously mentioned, nAChR dysfunction is also implicated in several other
neurological disorders with repetitive behavior. We suggest here that similarities in
behaviors across those neurological conditions, as well as high prevalence of simultaneity
suggest a possible shared underlying mechanism. Moreover, there has been a recent push to
redefine repetitive behavior in these neuropsychiatric disorders and instead characterize
stereotypies into disorder-related endophenotypes rather than separate disorder-specific
symptoms (Kas et al., 2007, Langen et al., 2011). Tourette’s syndrome (TS), obsessive
compulsive disorder (OCD), and attention deficit hyperactivity disorder (ADHD), all
involve disordered cortical-basal ganglia circuitry and all can be successfully treated with
drugs acting on nAChRs. The basal ganglia and orbitofrontal cortex, both regions highly
innervated by nicotinic acetylcholine receptor rich interneurons are hyperactive during
PET/SPECT studies of OCD (Baxter et al, 1988) and hypoactive in studies of ADHD
(Zametkin et al., 1990) and TS (Braun et al., 1995). The orbitofrontal cortex controls inhibition
and disinhibition of behavior, and lesions in this area are sufficient to cause impulsive and
inappropriate behavior. Nicotine or an analog alone has demonstrated potential to treat
repetitive behaviors in these disorders. A transdermal nicotine patch, administered as therapy
for TS, decreases the severity and frequency of tics, a compulsory symptom of TS (Sanberg,
1997). Nicotine gum administered to OCD patients previously resistant to other treatment
clinically improved behavior (Carlsson, 2001; Pasquini et al, 2005). Interestingly,
clomipramine, an SSRI commonly prescribed for the treatment of OCD, also acts on nAChRs
(Lopez-Valdes, 2002). Lastly, (-)-Nicotine and ABT-418, an a4p2 nAChR agonist (Potter et al.,
1999), both successfully treat adults with ADHD (Levin and Simon, 1998; Wilens et al., 1999). It
is interesting to note that hyperactivity, tics, and obsessive compulsive disorder are all
common comorbid disorders seen in patients with ASD with approximately 59% of ASD
patients having impulsivity problems, 8-10% having tics, and 37% having OCD (Levy et al,,
2009). Although it is clear that similar neurocircuitry is involved in several disorders with
repetitive behavior, further research is needed to determine whether the underlying
mechanisms causing this dysfunction overlap in TS, OCD, ADHD, and in ASD.

nAChRs also are involved in several other non-core, but frequently occurring symptoms in
ASD. The most common comorbid disorders and symptoms associated with ASD are
psychiatric (e.g., depression and anxiety), neurological (e.g., epilepsy), sleep, and sensory
(e.g., tactile) disorders. Epilepsy occurs in 5-49% of people with autism (Levy et al., 2009).
Genetic abnormalities in CHRN4A and CHRNB2, encoding the o and  nAChR subunits
respectively, are sufficient to cause autosomal dominant nocturnal frontal lobe epilepsy
(ADNFLE) (De Fusco, 2000; Bertrand, 2002; Steinlein, 2002; Hoda, 2009), however ADNFLE
is not associated with ASD. 52-73% of patients with ASD experience sleep disruption and
43-84% experience anxiety disorders. Knocking out the 04 nAChR subunit increases anxiety
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in mice (Ross et al., 2000) and the 2 nAChR knockout animal shows abnormal sleep pattern
(Lena et al.,, 2004). These studies demonstrate that behaviors regulated by nAChRs are
disparate and commonly aberrant in ASD and suggest the potential for nAChR-acting drugs
in the treatment of ASD.

Lastly, there is accumulating evidence that the immune system is disrupted in individuals
with ASD (Careaga et al., 2010). Elevated levels of chemokines have been detected in the
brains and cerebrospinal fluid (Chez et al., 2007; Wills et al., 2009) as well as the plasma
(Ashwood et al., 2011a) of individuals with ASD, and this elevation correlated with more
impaired behavior (Ashwood et al., 2011b). Furthermore, postmortem studies of individuals
with autism also detected presence of activated neuroglial cells in their brain (Vargas et al.,
2005). In a recent study, activated microglia were detected in the dorsolateral PFC in 5 out of
13 samples, 2 of which were under the ages of 6 years (Morgan et al., 2010). These results
suggest that inflammation of the central nervous system, at least in some individuals, may
contribute to the neuropathology of ASD. Thus, suppression of neuroinflammation by
targeting a7 nAChRs in ASD may be potentially beneficial.

5. Neurexin and neuroligin deficits in ASD

The neurexins are cell adhesion molecules encoded by three genes corresponding to
neurexins 1, 2 and 3 (Missler & Siidhof, 1998; Lise & El-Husseini, 2006). As a result of
transcriptional initiation from two different promoters, each neurexin gene encodes a longer
a-neurexin protein and a shorter B-neurexin protein. The proteins are identical from their
intracellular C-termini through their transmembrane domains, glycosylation-rich domains
and the sixth LNS domain of a-neurexin, which corresponds to the only LNS domain in -
neurexin. They have divergent N-terminal extracellular domains, which allow for
interactions with multiple proteins. Additionally, alternative splicing at multiple splice sites
within each gene can give rise to more than one thousand different isoforms, which differ
only in their extracellular domains. Neurexins recruit N- and P/Q-type calcium channels to
active zones of presynaptic terminals through scaffolding proteins, including calmodulin-
associated serine/threonine kinase (CASK) (Hata et al., 1996; Missler et al., 2003; Zhang et
al., 2005). a-neurexins were reported to specifically induce GABAergic postsynaptic
differentiation (Kang et al., 2008). The enormous structural diversity of the neurexins
suggests that they are involved in a multitude of physiological functions yet to be
elucidated.

Results from a linkage and copy number variation analysis conducted by the Autism
Genome Project Consortium (Szatmari et al., 2007) show that neurexin-1 dysfunction is
associated with ASD. This conclusion has been corroborated in multiple linkage analysis
studies since (Kim et al., 2008; Marshall et al., 2008) and in analysis of structural variants in
the o- and B-neurexin genes (Zahir et al., 2008; Feng et al., 2006; Yan et al., 2008; Gai et al.,
2011; Gauthier et al., 2011). Neurexin knock-out animals have provided insights into the
functions of the neurexin family. Neurexin 1/2/3a- triple knock-out animals die perinatally
and have reduced spontaneous and evoked neurotransmission at glutamatergic and
GABAergic synapses, demonstrating that a-neurexins are necessary for neurotransmitter
release at synapses (Missler et al., 2003). Additionally, mice lacking neurexins have impaired
neuroendocrine secretion (Dudanova et al., 2006), which may mirror some children with
autism that exhibit dysfunction of the hypothalamic-pituitary-adrenocortical system,
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possibly due to altered neuroendocrine regulation (Corbett et al., 2006). Similar to the
neurexin triple knockout animals, mice lacking neurexinl/2o or neurexin2/3a die within 1
month after birth and have reduced neurotransmission. Analyses of brain morphology in a-
neurexin knockouts revealed no major impairments in synapse formation, but minor
reductions in dendrite branch length and spine numbers were detected, suggesting they are
important in synapse maturation more so than formation (Dudanova et al., 2007). None of
the single a-neurexin knock-out animals have dramatic phenotypes, with the neurexin-2a
knock-out animals showing the least severe phenotype (Craig & Kang, 2007). In the absence
of neurexin-lo, miniature excitatory postsynaptic currents were reduced in recordings from
hippocampal slices. Behaviorally, the neurexin-la—deficient mice were identical to wild-
type mice in multiple social interactions, but displayed decreased grooming behavior,
impaired nest building, decreased pre-pulse inhibition, and improved motor learning in
behavioral studies (Etherton et al.,, 2009). While the neurexin-lo—deficient mice display
behavioral phenotypes similar to what is seen in autism they are not sufficient to explain
ASD yet they still provide a useful but limited model of ASD. The B-neurexin and combined
o- and B-neurexin knockout animals have not yet been fully evaluated.

The neuroligins are encoded by five differentially spliced genes that encode multiple
neuroligin isoforms (Zhang et al., 2005; Boucard et al., 2005). In complementary roles,
neuroligins, the postsynaptic binding partners of neurexins, recruit N-methyl-D-aspartate
(NMDA) receptors and GABAj4 receptors through their interactions with scaffolding
proteins such as post-synaptic density 95 (PSD-95) and gephyrin, respectively (Graf et al.,
2004; Nam & Chen, 2005; Chih et al., 2006; Poulopoulos et al., 2009). Thus, bi-directional
interactions between neurexins and neuroligins appear to serve a critical function in the
assembly and maturation of both glutamatergic and GABAergic synapses through
recruitment of the requisite presynaptic and postsynaptic components of neurons (Dean &
Dreshbach, 2006; Craig & Kang, 2007; Sudhof, 2008).

Neuroligins are strongly implicated in ASD. Chromosomal rearrangements and copy
number variations in neuroligin-1 are linked to autism (Konstantareas & Homatidis, 1999;
Ylisaukko-oja et al., 2005; Glessner et al., 2009). There is also evidence that mutations in
neuroligin-3 and neuroligin-4 are found in patients with ASD (Laumonnier et al., 2004;
Jamain et al., 2003). In addition mouse models support a role for neuroligins in ASD.
Neuroligin-1 knock-out mice are viable and fertile, but also have synaptic dysfunctions
(Chubykin et al., 2007). At the molecular level, the NMDA/AMPA ratio at corticostriatal
synapses is reduced, which is associated with repetitive grooming that may mirror some of
the repetitive behaviors seen in autistic patients (Blundell et al, 2010). In contrast to
neuroligin-1-deficient mice, which show impaired NMDA receptor signaling, neuroligin-2
knock-out animals have deficits in inhibitory synaptic transmission (Chubykin et al., 2007).
Behaviorally, neuroligin-2 knock-out mice exhibit increased anxiety, but normal social
interactions (Blundell et al., 2009), similar to the neurexin-lo-deficient mice. Mutations in
neuroligin-3 and neuroligin-4 lead to intracellular retention of the mutant proteins (Chih et
al., 2004; Comoletti et al., 2004). The neuroligin-3 R451C mutation is a gain of function
mutation. Mice with this point mutation exhibited impaired social interactions and
increased inhibitory synaptic transmission (Tabuchi et al., 2007). Mice lacking neuroligin-4
correspond to loss-of-function mutations in human neuroligin-4 and show deficits in
reciprocal social interactions and ultrasonic communication (Jamain et al., 2008). Neuroligin
1/2/3a triple knock-out animals die at birth, but similar to their a-neurexin-deficient
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counterparts, do not show dramatic reductions in synapse numbers or brain architecture,
but do have severely impaired synaptic transmission (Varoqueaux et al., 2006).

The studies of the neurexin and neuroligin functions indicate a role for them in proper
synaptic function but not synapse formation. Although it is clear that the deficits of
neurexins and neuroligins play a role in ASD, understanding their interactions with
receptors will provide additional insight into their functions.

6. Neurexins associate with multiple receptors, including nAChRs

Accumulating evidence indicates that neurexins interact directly with more than the
neuroligins. Our laboratory was the first to provide experimental evidence for direct
interactions between neurexins and receptors by showing that neurexin-
1B coimmunoprecipitates with recombinant a4p2 nAChRs when expressed in heterologous
cells (Cheng et al., 2009). Functionally, the neurexin-1P regulates targeting of a4f2 nAChRs
to pre-synaptic terminals in neurons (Cheng et al., 2009). Complementary studies report a
role for neurexin-1 and neuroligin-1 in recruitment of a3-containing nAChRs to the post-
synaptic density (Conroy et al., 2007; Ross & Conroy, 2008). In addition, recent studies show
that neurexins interact with multiple receptors. First, neurexin-1p interacts with GABAx
receptors; this interaction modulates the cell surface expression levels of the GABAa
receptors but not its functions per se (Zhang et al., 2010). Second, leucine-rich repeat
transmembrane protein (LRRTM2) binds trans-synaptically to both neurexin-la and-1p and
induces presynaptic differentiation at excitatory synapses (Ko et al., 2009; de Wit et al., 2009;
Siddiqui et al.,, 2010). Knock-down of LRRTM2 in the rat dentate gyrus shows a large
reduction in AMPAR-mediated EPSCs in in vivo recordings from granule cells in
hippocampal slices. Furthermore, the association between neurexin-1 and LRRTM?2 is a
functional interaction. When neurexin-1 is knocked-down in hippocampal neurons,
LRRTM?2 is unable to induce presynaptic differentiation (de Wit et al., 2009). Finally,
neurexins associate with GluR&2 receptors via a soluble protein called cerebellin -1
precursor protein (CbInl) (Uemura et al., 2010). In the Cblnl knockout mice, the
synaptogenic activity of GluR&2 receptor is lost. Thus, GluR32 mediates cerebellar synapse
formation by interacting with presynaptic neurexins via CbIn1.

7. Genetic variants of neurexin-1 are linked to nicotine dependence

A recent high-density genome-wide association study for nicotine dependence linked single
nucleotide polymorphisms (SNP) in the neurexin-1 gene to the development of nicotine
dependence and thus smoking behavior (Bierut et al., 2007). A second independent study
also showed linkage between a variant of the neurexin-1 gene and nicotine dependence in
smokers of European and African-American ancestry (Nussbaum et al., 2008). These results,
along with the fact that neurexins functionally target a4f2 nAChRs to synapses, implicate
neurexins in the etiology of other neurological diseases typically associated with
pathophysiological functions of nAChRs. a4p2 nAChRs mediate essential features of
nicotine addiction including reward, tolerance, and sensitization (Tapper et al., 2004). Thus,
functions are likely to be affected by changes in the expression levels of neurexin-1. The
exact mechanism by which neurexin-lo and -1p splicing is regulated to generate the
predicted hundreds of neurexin-1 isoforms remains to be elucidated. It is possible that a
regulatory SNP in the intron of the neurexin-1 gene could modulate neurexin-1 expression
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or splicing efficiency and thus influence nAChR functions by regulating their synaptic
targeting efficiency. Because there are hundreds of neurexin-la isoforms, the linkage
between neurexin-1 gene variants, a4p2 nAChR synaptic targeting, and nicotine
dependence requires additional studies. Nevertheless, the functional linkage between
neurexin-1 and a4p2 nAChR and their converging roles in nicotine dependence suggests
that 042 nAChR activity may regulate neurexin-1 gene expression.

8. nAChR modulate excitation-inhibition balance

There is strong evidence that some forms of ASD are caused by an imbalance of excitatory
and inhibitory synaptic transmission in neuronal circuits that are responsible for the
establishment of language processing and social behavior during prenatal and postnatal
brain development. Increased glutamatergic (excitatory) signaling or suppressed
GABAergic (inhibitory) signaling is sufficient to disrupt the excitatory/inhibitory balance in
local circuit-plasticity (Rubenstein & Merzenich, 2003). A hyperexcitable cortex is poorly
differentiated functionally and therefore inherently unstable and susceptible to epilepsy.
This might explain why, in addition to the autistic core symptoms, an average of ~30% of
individuals with ASD develop clinically apparent seizures (Gillberg & Billstedt, 2000). In
several mouse models of autism this lack of homeostasis of excitatory and inhibitory
signaling was observed (Tabuchi et al., 2007; Gogolla et al., 2009). In the frontal cortex,
cholinergic transmission can modulate cortical tone establishing a homeostasis of excitatory
and inhibitory signals (Aracri et al., 2010). In layer V of the prefrontal cortex, nAChR
activation increases the threshold for activating glutamatergic synapses (Couey et al., 2007),
whereas GABA release is stimulated in several cortical layers by nAChR activation
(Alkondon et al., 2000).

We posit that some of the regulatory effects of balancing inhibitory and excitatory synaptic
transmission are mediated by synaptic targeting of nAChRs by neurexins. This results in the
change of expression levels of nAChRs in various brain regions of autistic individuals.
Therefore allosteric modulators or direct agonists targeting nAChRs by might be useful to
restore the imbalance of excitatory and inhibitory synaptic transmission caused by
deregulated expression of neurexin-1.

9. Nicotinic receptors as biomarkers for ASD

9.1 Positron Emission Tomography ligands for a42 nAChRs

The alterations in nAChRs in ASD may also serve as an early molecular biomarker,
detectable by imaging tools such as positron emission tomography (PET), the most
advanced modality for non-invasive study of receptors. Monitoring the reversal of the loss
of a4Pf2 nAChR in the frontal, parietal, and cerebellar cortex and the upregulation of a7
nAChR in the cerebellar cortex by PET imaging in the brains of individuals with ASD might
provide a clinical tool to complement behavioral tests needed to assess the effectiveness of
novel pharmacotherapies for autism.

Three radiotracers, [!C]nicotine, (S)-3- (azetidin-2-ylmethoxy)-2-[18F]fluoropyridine (2-
[18F]FA) and (S)-5- (azetidin-2-ylmethoxy)-2-[18F]fluoropyridine (6-[18F]FA), have been used
for studying 04p2 nAChRs in the human brain using PET. The PET imaging properties of
these radioligands are not perfect however. Poor signal-to-noise ratios and other drawbacks
of [11C]nicotine suggest that this radiotracer is not well suited for quantitative imaging in
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animals and humans. 2-[18F]FA is the only currently available radioligand for quantitative
imaging nAChR in humans. The “slow” brain kinetics of 2-[18F]FA and 6-['8F]FA hamper
mathematical modeling and reliable kinetic parameter estimation since it takes many hours
of PET scanning (5-7 h) for the tracer radioactivity to reach a spatial-temporal steady state
(Horti et al., 2010). Another crucial problem with 2-[18F]FA and 6-['8F]FA is relatively low
binding potential (BP) in extrathalamic regions (BP < 0.6-0.8), including the cortex, which
has a lower nAChR density. Altered densities of cortical and striatal nAChRs in
neurodegenerative diseases (Pimlott et al., 2004) and schizophrenia (Ochoa & Lasalde-
Dominicci, 2007) illustrates the importance of imaging extrathalamic nAChRs.

A variety of radioligands with fast regional brain kinetics have been presented in non-
human primates and pigs. Analogs of epibatidine showed “rapid” brain kinetics and
improved BP (Gao et al., 2007, 2008). One compound of the series, (-)-2-(6-[!8F]fluoro-2,3'-
bipyridin-5'-yl)-7-methyl-7-aza-bicyclo[2.2.1]heptane  ([18F]JHU87522 or [18FJAZAN)
exhibited better imaging properties in animal studies than those of 2[8F]FA and 6-['8F]FA
including a greater BP value and faster brain kinetics. In addition, the brain uptake of
[I8F]JAZAN is greater and its acute toxicity is lower. Most available PET and single photon
emission computed tomography (SPECT) imaging agents for nAChR are agonists and these
nAChR-agonists are toxic when injected at high doses. Unlike 2-FA that is nAChR agonist,
AZAN displays properties of functional antagonist of a4p2 nAChR. Currently, AZAN is
undergoing toxicological studies that will determine if this radioligand is sufficiently safe
for clinical application as a PET radiotracer. If [\8SF]JAZAN is safe for human PET studies,
there are strong indications that it could become the radiotracer of choice for PET imaging of
nAChR in human brain (Horti et al., 2010).

9.2 Positron Emission Tomography ligands for a7 nAChRs

Several radiotracers were developed for selective imaging of the a7 nAChRs in the human
brain for PET and SPECT (Dolle et al., 2001; Pomper et al., 2005; Ogawa et al., 2006). Despite
these efforts, there have been no clinical studies using these radioligands for a7 nAChRs in
the human brain.

Very recently, 4-[1C]methylphenyl 2,5-diazabicy- clo[3.2.2Jnonane-2-carboxylate ([*!C]CHIBA-
1001) was developed as a novel PET ligand for a7 nAChRs in the conscious monkey brain.
An in vitro binding study showed that the ICso value of CHIBA-1001 for [12°[]a-bungarotoxin
binding to the rat brain homogenates was 45.8 nM. ['C]JCHIBA-1001 distribution in the
monkey brain measured by PET was consistent with the regional distribution of o7
nAChRs. Moreover, brain uptake of [11C]JCHIBA-1001 was dose-dependently blocked by
pretreatment with the selective a7 nAChR agonist SSR180711, but was not altered by the
selective a4p2 nAChR agonist A-85380 (Hashimoto et al., 2008).

In the human brain, [11C]CHIBA-1001 was found widely distributed in all brain regions. The
regional distribution pattern of [1!C]JCHIBA- 1001 is consistent with what is expected in vitro
(Falk et al., 2003; Court et al., 1999; 2001; Marutle et al., 2001), but different from that of a4p2
nAChRs (Clementi, 2004). However, it is slightly different from the regional distribution in
the monkey brain (Hashimoto et al., 2008). In the human brain, remarkable radioactivity
accumulation was observed in the cerebellum. These findings suggest that [11C]CHIBA-1001
is a suitable radioligand for imaging a7 nAChRs in the human brain, as it offers acceptable
dosimetry and pharmacological safety at the dose required for adequate PET imaging
(Toyohara et al., 2009).
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These recent advances in the development of new nAChR PET radioligands, like
[B8F]AZAN for a4p2 nAChRs and [11C]CHIBA-1001 for a7 nAChRs with fast kinetics and
low toxicity will provide promising tools for monitoring alterations of brain nAChR
especially in young patients with ASD. The principal downside to the use of PET is the
unknown risk of using radioactive ligands and sedatives, especially in younger
individuals, to perform PET scans.

10. Nicotinic drugs as therapeutic agents for ASD

10.1 Agonists

10.1.1 a4p2 nAChRs

The extensive loss of a4p2 nAChRs in some individuals with ASD provide a rationale for
exploratory trials of drugs that can upregulate and activate a4Bf2 nAChRs and thus
compensate for their loss both physically and functionally. The panoply of drugs developed
over the last few decades for smoking cessation therapy as well as other disorders with
pathophysiological roles for nAChRs (Taly et al., 2009), offers a large selection of drugs that
are likely to be specific for a4f2 nAChRs and capable of upregulating them. Varenicline
(Chantix), one such drug that has FDA approval for use in smoking cessation therapy is a
partial agonist of the a4p2 nAChRs (Coe et al; 2005) and of interest for treatment of ASD.
Although varenicline is also a full agonist of the a7 AChR (Mihalak et al., 2006), its relative
specificity for a4p2 nAChRs is thought to be due to differences in its ECso for activation of
a4p2 nAChRs versus a7 nAChRs, as well as a function of the low concentrations at which it
is used clinically for anti-smoking therapy (Niaura et al., 2006). Thus it has become one of
the most widely used smoking cessation drugs with millions of users worldwide and shows
little sympathetic and parasympathetic complications from cross activation of ganglionic
nAChRs (a3p4 nAChRs). Interestingly, much like nicotine, varenicline can upregulate a4p2
nAChRs in vitro. Finally, as a partial agonist, it has the additional benefit of providing
chronic low-level activation of a4p2 nAChRs (Papke et al., 2011) and possibly associated
downstream intracellular signaling pathways. Varenicline has been shown to change
behaviors in some smokers, and a public health advisory from the FDA includes warnings
of increased suicidal thoughts and actions. It is important to note, however, that the increase
in suicidal thoughts and actions may occur in only a subpopulation of individuals taking
varenicline as there is ample evidence that smoking may be more prevalent in those
individuals with comorbid neuropsychiatric conditions, including schizophrenia (Adler et
al.,, 1993; Dalack et al., 1999). This may explain behavioral changes reported among smokers
using varenicline if individuals have subclinical neuropsychiatric conditions. This idea has
been supported by a recent study reporting that there was no clear evidence that varenicline
use in itself was associated with an increased risk for depression or suicidal thoughts
(Gunnell et al., 2010). Also, unlike in schizophrenia, the prevalence of smoking in
individuals with ASD is low (Bejerot & Nylander, 2003), possibly because the loss of a4p2
nAChRs occurs early in development - a clinical feature further strengthening the utility of
using 04p2 nAChRs loss as a biomarker for ASD. Nevertheless, any clinical trial of
varenicline for individuals with ASD should require close monitoring of possible suicidal
ideation given the heterogeneity of causes expected for ASD, some of which may overlap
with schizophrenia (Kirov et al., 2009).
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10.1.2 a7 nAChRs

It is possible to use a7 nAChR agonists to treat neuroinflammation in ASD. There is strong
evidence that activation of the a7 nAChR expressed on monocytes and macrophage, by
inhibiting NF-kappaB nuclear translocation, suppresses cytokine release by them (Wang et
al.,, 2003), and that this cholinergic anti-inflammatory pathway that provides a bidirectional
link between the nervous and immune system, inhibits the innate immune response (Rosas-
Ballina & Tracey, 2009). Hence, a reasonable case can be made for the use of a7 nAChR
agonists to treat neuroinflammation in ASD. Individuals could be stratified by monitoring
brain inflammation by the uptake of the microglial marker, ["1C]PK11195, a PET ligand
useful for detecting peripheral benzodiazepine receptors expressed in high amounts in
activated microglia (Rojas et al.,, 2007). However, given that a7 AChR appears to be
pathologically upregulated in cerebellum of some individuals with ASD, caution is
advocated in the use of a7 AChR agonists to treat ASD. The primary challenge is that the net
behavioral benefit from suppressing neuroinflammation mediated by microglia versus over
stimulating upregulated a7 AChRs in the granule cell layer, cannot be predicted a priori.
Two different a7 nAChR agonists have been used to treat schizophrenia; drugs that might
be repurposed for use in individuals with ASD and detectable neuroinflammation.

One of these drugs, GTS-21, or 3-(2,4-dimethoxybenzylidene)-anabaseine (DMXB-A) is a
partial agonist of a7 nAChRs may have beneficial effects in ASD patients. In healthy control
subjects, DMXB-A improves attention, working memory, and episodic memory (Kitagawa
et al., 2003). The default network, which has been widely reported to be abnormal in
schizophrenia (Garrity et al., 2007), is a functionally connected network of brain regions that
includes the posterior cingulate cortex, cuneus/precuneus, medial prefrontal cortex, medial
temporal lobe, and inferior parietal cortices (Buckner et al., 2008; Tregellas et al, 2011).
Altered default network activity has been shown to be a result of DMXB-A administration to
patients with schizophrenia (Tregellas et al., 2011), with decreased expression of a7 nAChRs
(Freedman et al., 1995).

A second candidate drug, Tropisetron is a partial agonist of the a7 nAChR. Auditory
sensory gating P50 deficits are correlated with neuropsychological deficits in attention, one
of the principal cognitive disturbances in schizophrenia. In a clinical trial with 33
schizophrenic patients administration of tropisetron, without placebo, significantly
improved auditory sensory gating P50 deficits in non-smoking patients with schizophrenia
(Shiina et al., 2010). In mice, the early postnatal period represents a critical time window
essential for brain development. The administration of tropisetron from postnatal days 2-12
(P2-P12) in mice did not induce significant cognitive, schizophrenia-like or emotional
alterations in tropisetron-treated animals as compared to controls, when tested in multiple
behavioral assays (Inta et al., 2011).

10.2 Positive allosteric modulators

Galantamine is an acetylcholinesterase inhibitor that also acts as a positive allosteric
modulator at the 04p2 and a7 nAChRs (Dajas-Bailador et al., 2003; Samochocki et al., 2003;
Schilstrom et al., 2007). In two studies with small numbers of subjects it has been reported
that galantamine showed potential benefits for attention, memory, and psychomotor speed
in schizophrenia (Schubert et al., 2006; Lee et al., 2007). An unpublished study from Johnson
and Johnson failed to find an advantage for galantamine on a measure of global cognition
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(clinicaltrials.gov, trial number: NCT 00077727). In a 12-week open-label trial of
galantamine, thirteen children with autism, previously unmedicated, (mean age, 8.8 +/- 3.5
years) showed a significant reduction in parent-rated irritability and social withdrawal on
the Aberrant Behavior Checklist (ABC), as well as significant improvements in emotional
lability and inattention on the Conners' Parent Rating Scale —Revised (Nicolson et al., 2006).
Similarly, clinical ratings showed reductions in the anger subscale of the Children's
Psychiatric Rating Scale. Eight of 13 participants were rated as responders on the basis of
their improvement scores on the Clinical Global Impressions scale. The allosteric properties
of galantamine could directly lead to increased release of acetylcholine and activation of
postsynaptic nAChRs (Samochocki et al., 2003) or act indirectly through its effects on the
release of other neurotransmitters, especially glutamate and dopamine (Schilstréom et al.,
2007; Wang et al., 2007).

It has been demonstrated that amyloid-B precursor protein (APP) is upregulated in a mouse
model for Fragile X mental retardation (FXS) (Westmark et al., 2008) and two clinical studies
have reported higher levels of APP in children with autism. In the first study, affected
children expressed sAPP at 2 or more times the levels of children without autism and up to
4 times more than children with mild autism (Sokol et al., 2006). In the second study,
elevated plasma sAPPa was found in 60% of known autistic children (n = 25) compared to
healthy age-matched controls (Bailey et al., 2008). Recent studies showed that galantamine
allosterically modulates microglial nAChRs and increases microglial beta-amyloid (Ap)
phagocytosis (Wang et al., 2007; Takata et al., 2010).

Collectively, these studies suggest that positive allosteric modulators of 04p2 nAChRs,
when used by themselves or in conjunction with agonists, may be beneficial in correcting
deficits in the functions of a4f2 nAChRs and thereby core deficits of ASD.

11. Conclusions

This review presents a reasonable rationale based on synthesis of the literature that nAChRs
are suitable biomarkers as well as therapeutic targets for addressing core deficits in ASD.
Multiple lines of evidence show that nAChRs can modulate many of the functions deficient
in individuals with ASD. Furthermore, neuropathological findings, albeit small in numbers,
show significant alterations in both a4p2 nAChRs and a7 nAChRs. In the cerebellum, an
anatomical area contributing significantly to the etiology of ASD, oa4p2 nAChRs are
deficient, and a7 nAChRs are upregulated. These findings suggest that well developed PET
ligands for both these nAChR subtypes can be used to monitor changes in their expression
in response to treatment, behavioral or pharmacological. A novel functional linkage
between neurexin-1 and a4p2 nAChR and their converging roles in nicotine dependence
suggests that a4p2 nAChR activity may regulate neurexin-1 gene expression. Additionally,
agonists and positive allosteric modulators of the a4p2 AChRs are likely to be therapeutic
agents that can help restore a4p2 nAChRs expression levels in the brains of individuals with
ASD, based on known effects of these agents. A case can be made for the use of a7 nAChRs
to reduce neuroinflammation in the brain in those ASD individuals with such clinical
pathology. The ultimate hope is that these agents, when administered early in development,
by their presumed ability to modulate a number of different neurotransmitter systems and
associated signaling pathways, could help correct core deficits associated with ASD.
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1. Introduction

Autism is a collection of neurodevelopment and abnormal behaviors which can be
characterized by social isolation, language deficits and repetitive or stereotyped behaviors.
It is a lifelong disorder that starts at early childhood and becomes apparent before three
years old up to adulthood that ranging in severity from case to case. Autism spectrum
disorder (ASD) has received a great deal of attention in recent years since the apparent
prevalence of children with this spectrum of neurological and behavioral deficits is on the
rise. It is currently estimated to be approximately 1 in 150 children based on a 14 state
survey conducted by the Centers for Disease Control (CDC) in the United States of America
(Kuehn, 2007) and it is predominately in males with a ratio of approximately of 4 males to 1
female (Fombonne, 2003).

While it is hotly debated in both the lay and academic communities as to whether ASD
incidence is truly increasing and not just a function of increased reporting and changes in
diagnostic criteria, it is uncontested that the number of children diagnosed with ASD
presents an important pediatric health problem. The social and economical impacts on
individuals with ASD and their families as well as the society maybe considerably reduced
if early identification and diagnosing can be achieved using simple and accurate approach.
Although it is initially described in the 1940s, the exact etiology and pathology of ASD
remains rudimentary and challenging. A number of studies have reported links between the
development of the ASD and various factors such as genetics, environmental,
immunological, nutritional and neurological. It is likely to result from a combination of
these factors. Different methodologies have been proposed to identify and diagnose ASD
using different criteria. The autism diagnostic observation schedule (ADOS) is a protocol
consists of a series of structural tasks that involve social interactions used to diagnose and
assess ASD. Others are using functional magnetic resonance imaging (f-MRI) to scan the
brain as pattern recognition method of the defected neurons in the autistic individuals.
However, these methodologies depend on the interactions between the examiner and the
patient. On the other hand, studying the function of the biological system provides
alternative way to embrace the complexity of ASD. Although the neurobiological and
genetics basis of ASD and related disorders is unclear, multiple lines of evidence have
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converged on abnormal brain functions. Using previous knowledge of biological processes
and protein interactions of neurological disorders related to ASD, there were able to identify
several genes and genetic contributors that had been strongly associated to ASD (Sebat et al.,
2007 & Abrahams, 2008). Alterations of these contributors have been proposed as a factor
involved in the etiology of ASD.

Understanding the biological mechanisms related to ASD at early stage is essential for
identifying and diagnosing the disease and will lead to better treatments. Our main
objective in this chapter is to understand the molecular and cellular underpinnings of ASD
by identifying the genetic contributors to this set of complex disorders. We are also keenly
interested in developing DNA-based methods that can serve to improve our diagnostic
evaluation of ASD. Accurate and simple diagnostic methods would go a long ways in
promoting early and appropriate interventions. Our research is grounded in recent work
showing that deletions and duplications of DNA contribute a very significant degree of
genetic variation in human populations. Finally, the work presented in this chapter focuses
primarily on determining if DNA copy number changes are associated with ASD.

2. High-resolution genetic data

Data on genome structural and functional features for various organisms is being
accumulated and analyzed aiming to explore in depth the biological information and to
convert data into meaningful biological knowledge. To date, different experimental
technologies such as microarray and DNA sequencing had been proposed to generate high-
resolution genetic data and to understand the complex dynamic interactions between
complex diseases and the biological system components of genes and genes products. These
approaches made it possible to enhance our understanding of biological variations in
healthy and diseased organisms through computational-based models. However, these
technologies contain many sources of errors. Some types of errors are of our interests that
have biological origins. Other types of errors are undesirable and need to be eliminated
before further analysis. In particular, these technologies produce certain systematic sources
of errors due to the experimental design process used in generating the genetic data such as
labeling, printing, and scanning the examined samples. Figure 1 illustrates a simple
description of generating DCN data using aCGH technology. Identifying the genomic
locations and genetic contributors responsible for these variations is a problem of great
importance to biologists. Current estimates indicate that DNA sequence differences due to
changes in DNA copy number account for 3-4 fold more variation than that provided by
single nucleotide polymorphisms, the most widely studied type of variation. It is also
apparent that certain segments of the genome are susceptible to copy number alterations on
account of particular sequence features, such as low copy repeats (LCRs).

LCRs are relatively large (>1 Kb), highly related elements (>90% identity) that are typically
repeated a modest number of times and frequently found on the same chromosome arm.
Many regions of genomic instability are known to be involved in genetic syndromes, termed
“genomic disorders”, where similar, but not identical, copy number changes produce
specific developmental syndromes. It is remarkable that many LCR-rich intervals are
located within chromosomal regions where rearrangements are known to be associated with
neurobehavioral disorders, including autism (Christian et al., 2008; Marshall et al., 2008;
Sebat et al., 2007 & Kirov et al., 2008), mental retardation (Sharp et al., 2006, 2008) and
schizophrenia (Cantor et al.; Stefansson et al.; Stone et al. & Walsh et al., 2008). To determine
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Fig. 1. Illustration of Microarray-based comparative genomic hybridization (array-CGH)
process. The tumor and reference DNA are labeled and competitively hybridized to the
array together with unlabeled blocking DNA to block repeated sequences. The ratio of the
fluorescence intensity for each spot represented as a point in the relative copy number
profile.

if copy number variants found within unstable segments of the genome are associated with
autism susceptibility, we have conducted a high-resolution array CGH analysis of five
genomic intervals that are rich in LCRs and where chromosomal rearrangements are
associated with neurodevelopmental disorders. These regions include 7ql1 (61-82Mb),
10q22.3-23.31 (77-92Mb), 15q11-13 (18-35 Mb), 17p11 (12-22Mb), and 22q11 (14-26Mb). The
7q11 interval spans the segment involved in Williams-Beuren Syndrome, a contiguous gene
syndrome that produces a variety of cognitive and adaptive deficiencies (Greer et al., 1997).
The reciprocal duplications of the Williams-Beuren deletion interval are associated with
language delay and autism (Somerville et al., 2005; Van der Aa et al., 2009 & Depienne et al.,
2007), suggesting that duplications in this genomic region are more closely linked to
behavioral deficits that fall within the spectrum of autism disorder. Deletions flanked by
segmental duplications are associated with language delay, attention deficit hyperactivity
disorder (ADHD), and autism for the 10q22-23 interval (Balciuniene et al., 2007), and a
balanced translocation affecting the KCNMA1 gene, which encodes a calcium-activated
large conductance potassium channel, on 10q22 has also been reported in a child with
autism (Laumonnier et al., 2006). Maternally-derived duplications of the 15q11-13 interval
are the most common cytogenetic abnormalities associated with autism (Cook et al., 2001),
and maternal as well as paternal-derived deletions are responsible for Angelman and
Prader-Willi syndromes, respectively. In addition, deletions in the 15q11-13 interval are
associated with mental retardation (Sharp et al., 2008), epilepsy (Sharp et al., 2008 & Helbig
et al., 2009), and schizophrenia (Stefansson et al., & Stone et al., 2008). LCR-mediated
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chromosomal rearrangements within 17p11 result in various nervous system dysfunctions
(Lee et al., 2006), including Smith-Magenis and Potocki-Lupski syndromes. Deletions within
the 22q11.2 interval are the most frequent interstitial deletions in humans, occurring in
approximately 1 in 4000 live births (Papolos et al., 1996). These deletions cause congenital
multisystem abnormalities referred to as 22ql1 deletion syndrome, and include clinical
entities such as Velocardiofacial syndrome, DiGeorge syndrome, and CATCH22 syndrome.
Autism spectrum symptoms were reported in 20-50% of patients with 22q11 deletion
syndrome; 15-20% of the patients have schizophrenia, and 40% of the patients manifest
ADHD (Niklasson et al., 2001; Antonell et al., 2005 & Vorstman et al., 2006). Large deletions
within the Velocardiofacial-DiGeorge syndromes critical region of 22qll are found in
patients with schizophrenia at a frequency of less than 1% (Stone et al., 2008). In the next
section, we will present a novel methodology for the analysis of genetic data.

3. Method

In this section, we present a framework to evaluate the predictive power of recurrent
variations at multiple genomic sites. The section is divided into two main parts. First, as a
preprocessing step for feature extraction, a robust methodology based on statistical signal
processing techniques is presented to clearly map and detect structural variations in the
form of DNA copy number along the genome. Second, as a feature selection method prior to
further analysis, a regional evaluation analysis is presented. It includes statistical learning
procedures to measure the statistical and biological significance of the predicted variations.
Then, classification techniques applied to segregate the tested samples into groups and to
provide insight into the complex pattern of the predicted variations as well as discovering
the relationship among them. There are three critical elements of our analysis that are novel:
1) we are detecting copy number changes as small as 1000 bp! (previous studies provided
sensitivity typically hundreds of thousands of bp); this allows us to monitor genetic variants
that might contribute incrementally to ASD susceptibility, 2) we are using oligo-arrays as a
genotyping tool, performing a case-control association analysis, where copy number
changes are the genetic variation being assessed, 3) we are developing algorithms to
improve the sensitivity and specificity of array CGH data, assessing false positive and false
negative rates.

3.1 Data preprocessing

Microarray data analysis is subject to multiple sources of variation, of which biological
sources are of interest whereas most others are due to experimental sources. In other words,
the goal of aCGH data analysis is to find the true boundaries of the variant regions
(segments) which correspond to chromosomal variations and to remove other variations
due to human factors, array printer performance, labeling, and hybridization efficiency
(Kallioniemi et al., 1992). It consists of three key steps; 1) data preparation, 2) noise
reduction, and 3) variation detection. In the data preparation step, copy number data is
generated experimentally through aCGH process and then combined with their genomic
positions. The next step is to reduce the experimental errors. This step is generally divided
into two parts, data normalization, and data filtering. After normalizing the raw DCN data

1 base-pairs
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and before detecting the variant segments, the necessary step is to filter the normalized data
for noise reduction.

3.1.1 Data modeling

According to the data description and properties generated from microarray technologies
discussed in the previous section, we approximate a given DCN data sample as a one-
dimensional piecewise discrete signal corrupted by additive white Gaussian noise with
zero-mean and small variance. A good model for describing DNA copy number data is:

yln] =fln] + &, n=1,2,...,N. 1)

where y[n] and f[n] are the observed and true intensities of the DCN data probe at nt
location along the x-axis respectively. Here N is the length of DCN data and ¢ represents a
vector of independent identically distributed (i.i.d.) random variables drawn from the
Gaussian distribution of zero-mean and small variance (Wang et al., 2007).

3.1.2 Irregular probe position

Most prior works considered the DNA copy number profiles as discrete signals under the
assumption that the probes are uniformly distributed along the chromosomes. This
assumption may lead to wrong decisions with false positive or/and false negative points.
More recent studies (Wang et al., 2007 & Willenbrock et al., 2005) show that considering the
nonuniform spacing distance between the probes of the DCN data profiles could be
beneficial for detecting and measuring the DNC variations.

Hence, we remodeled the DCN data discussed in the previous section as nonuniformly
distributed discrete signals as follows:

ylxa] = flxa] + &, n=1,2,...,N. )

where x, in this case is the nonuniform distributed probe at n#" location along the x-axis. The
x.’s are not uniformly distributed and the distance between two adjacent probes x, and x,+1
may vary randomly. The y[x,] and f[x,] are the observed and true intensities of the DCN
data probe location x, respectively. The ¢, represent i.i.d. random variable from the Gaussian
distribution with zero-mean and small variance o2.

3.2 Maximum likelihood estimator for genetic variation detection

Generally, Copy Number variations (CNVs) detection techniques fall into two categories:
statistical based models and smoothing techniques. In the statistical based models, the noise
free signal and noise models are required. Unfortunately, these models are usually
unknown or impossible to describe adequately with simple random processes. As a result,
the important details (i.e.,, breakpoints) of the CNVs regions will be included in the
segmentation process. In addition, the techniques are computationally costly. Furthermore,
most statistical models proposed to analyze array CGH data involve modeling the
association between changes in neighboring probes. While this is helpful to find wide
changes, it tends to ignore local changes. In the literature, there are various statistical
approaches that have been proposed to detect changes in the DCN data.

On the other hand, the smoothing techniques provide alternative methods for processing
the DCN data that are characterized by small and long intervals with sharp transitions and
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singularities at boundaries edges (breakpoints). The techniques are particularly suitable for
denoising DCN data as they do not require a parametric model in finding structures in the
data. In these methods, local operators are applied to the noisy data. Only those points in a
small local neighborhood are involved in the computation. The main advantage of these
techniques is their computational efficiency. They can process the data in parallel without
waiting for their neighboring points to be processed.

To this end, the proposed smoothing techniques provide efficient run-time speed and they
are well suited to predict the variations in the discontinuous nature of such data. However,
the smoothing techniques suffer from two main drawbacks. First, the breakpoints of the
variation regions are involved in the smoothing process and these techniques exhibit
artifacts in the neighborhood of these discontinuities that tend to blur the variation edges.
Second, they did not consider the physical distances between the adjacent probes and
simply assumed that they were uniformly spaced. This simplification will lead to
suboptimal results. In this section, we propose a robust method based on maximum
likelihood principle (Alqallaf et al., 2009) to clearly map and detect structural variation in
the form of DNA copy number along the human genome. We apply dynamic programming
to compute the DNA copy number estimates and reduce the computational complexity.
Furthermore, we employ the minimum description length approach to estimate the number
of unknown parameters. To evaluate our proposed method, we examine and compare the
ability to reliably predict variations using molecular test, quantitative polymerase chain
reaction. We take the comparison a step further by conducting two experiments designed
specifically to assess the sensitivity and specificity of our proposed methods using high-
density oligonucleotide array that have been examined by a number of different platforms
and laboratories. Using well-characterized cell lines and custom tiled arrays, we show that
the proposed method outperforms other popular commercial software and published
algorithms in terms of detection performance and computational complexity.

0.3 : : : T T T
+ Contaminated DCN Signal Lt
Original DCN signal -, Ad. +
0.2F ¥ T et
2 o1f AL - : i
gN A PO b * +
& o’ . s+ +A3e ,
~ At + + +
B g ¥ ! «
" + i « i
0.1+ t i i -
* + o* 1 i i
i i i
-0.2 1 i i
no=0 n1 n2 n3 n4=N-1

Genomic Position

Fig. 2. Illustration of the observed DNA copy number data modeling of (3) with 4 segments.

As described in the previous section, the DNA copy number observations can be modeled as
one-dimensional discrete time series with multilevel and jumps at unknown transition
times, corrupted by additive white Gaussian noise (AWGN) of zero-mean and small
variance o2 Figure 2 displays a graphical representation of the observed DNA copy number
data modeling with 3 segments. Here we define f[n] is the true piece-wise constant DCN
signal to be estimated. Then, we define
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M
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where ng=0<n1<n2< ... <np1<ny=N and u[n] is the unit step function. Here A; and n; are the
intensity level and the length of the i variant segment, respectively, with a total of M
segments.

Based on the data assumption, we wish to design a detector to detect or equivalently
estimate the uknown parameters. To do so, we first apply dynamic programming (DP)
(Larson & Castie, 1982) to estimate the minimum number of the variant regions M using the
minimum description principle (MDL) technique (Rissanen, 1978). Next, we apply the
principle of maximum likelihood (ML) to estimate the values of breakpoints locations and
intensity levels corresponding to these regions. Assuming that the number of variant
regions M is known, then the ith variant region can be characterized by the probability
density function (PDF) pi([y[ni1]:y[ni-1]];Ai), where A; and n; are the unknown parameters
representing the intensity level and the breakpoint of the i! variant segment, respectively.
Moreover, each variant region is assumed to be statistically independent of all other regions.
Hence, the PDF of the entire data record can be written as

M

1 1 M| m-1
p(y;An) =] p:ln:n -1LA) = WGXP{—MZ{ > (ylnl- A )ZH 4)

i=1 i=1| n=n;_4

The DP algorithm can also be applied here to reduce the computational complexity to a
more manageable level that is linearly proportional with the number of variant regions M.

3.3 Comparison study

In this section, we conduct two experiments to compare our proposed method with recent
approaches to improve the sensitivity and specificity of array CGH data (assessing false
positive and false negative rates).

3.3.1 Self-self hybridization experiment

In this experiment, we compare the performance of our proposed method MLE (Alqallaf et
al., 2009) with Circular Binary Segmentation (CBS) algorithm (Venkatraman et al., 2007) and
Copy Number Professional software package (BioDiscovery) Nexus algorithm by direct
measurement of false positives. The same DNA sample is used as both the test and reference
and hence any copy number variant assigned by an algorithm is incorrect and a false
positive. In other words, we compare the DNA sample with itself in the aCGH process to
generate the DCN data as described in section 2. In the ideal case, the intensity level, the
difference between the tested sample and a known reference measured in log, ratio, should
equal to zero. However, due to the experimental noise, we expect to detect segments with
relatively small intensity level value that are below cut-offs criteria. Otherwise, the detected
segments would be considered as false positives. As shown in Table 1, the average number
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of events detected by CBS algorithm is lower than the events detected by other algorithms.
However, the average length of the events detected by our proposed algorithm MLE is
relatively shorter than the average length of the events detected by CBS and Nexus.

Nexus CBS MLE
Array#
E L E L E L
1 10 40336 2 790 6 8481
2 30 391030 4 625 19 27866
3 100 2894494 7 4130039 55 42440
Avg. 47 1108620 5 1377151 27 26262

Table 1. Comparison of the proposed algorithms using number of detected events, E, and
their length, L, in base-pair for the three tested array samples.

3.3.2 Duplicated dye-swap experiments for two HapMap samples

Here we take the comparison a step further by conducting experiments designed specifically
to assess our proposed algorithm, MLE, using high-density oligonucleotide array CGH. In
this experiment, replicate dye-swap experiments were conducted comparing DNA samples
from two hapmap (Redon et al., 2006) subjects that have been examined by a number of
different platforms and laboratories, NA15510 and NA10851, for a total of four arrays. The
relative intensities differences are measured and reported. It should be noted that the
directionality of any detected variant is expected to be opposite when the dyes are swapped.
That is, deletions with the first array will appear to be duplications with the second array.
This is due to the convention of reporting the log, ratios as described in section 2. This
experiment allows us to assess the sensitivity of the proposed algorithms. Table 2 shows that
the number of CNVs detected by the MLE is considerably higher than those detected using
CBS (a range of 4.5% to 36% more for the 4 different array experiments). Our results show
that applying the averaging window of 2Kb allow the algorithms to be well suited for
detecting variations in high-density oligonucleotide array aCGH.

Array # CBS MLE
1 14 20
2 10 20
3 20 21
4 13 21

Table 2. List of the number of events (CNVs) detected by CBS and MLE algorithms.

4. Statistical significance

After filtering multiple DCN datasets of normal control and test samples, we need to apply
a statistical analysis to reveal the randomness and to classify the genes or genomic locations
that are involved or play roles in the targeted disease, ASD. In this section, we present two
statistical approaches to measure the significance of common CNVs across the samples and
especially in the complex LCRs regions. First, we measure the relative frequency at each
genomic position within the LCRs regions. Second, based on the relative frequency, a
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regional evaluation scheme is used to measure the significance of the overlapping recurrent
CNVs and to classify the tested DCN samples.

4.1 Statistical-based model

In summary, most of the proposed algorithms in the literature did not consider the
statistical and biological significance of the analysis of multiple DCN data samples. In
particular, they did not address the task of identifying common variations that overlap a set
or subset of the study samples to reveal the randomness of the predicted CNVs. Indeed, few
studies have addressed class discovery across multiple samples of DCN data (Grant et al.,
1999 & Diskin et al., 2006). However, they did not consider denoising the data prior to
applying the statistical analysis. Although these are effective methods for searching
statistically for common variations across multiple samples, it suffers from two main issues
which can be summarized as follows: First, it does not take into considerations that different
variation types (gain and loss) may occur within the same genomic locations. They simply
discard these locations and indicate them as missing values. This will lead to decreases in
the data resolution. Second, it does not differentiate between the intensity levels. This is an
important issue for characterizing the variations in the complex areas of low copy repeats
(LCR). For this, we propose in our statistical analysis to identify nonrandom gains and
losses across multiple samples with the consideration of these issues.

To reveal the randomness and identify the genes or genomic locations that are involved or
play roles in the targeted disease, we apply a statistical analysis to measure the significance
of recurrent CNVs including those in the complex regions of LCRs. Here, we plot the
frequency of the occurrence of the predicted CNVs (deletions and/or duplications) that are
overlapped across multiple case samples with respect to control samples. Suppose that a set
of M filtered DCN samples each with N probes, then the normalized frequency at the n
position can be measured as

sz,n
G[n]=sM n=1,2,.., N 5
[n] M ©)

where s represents the sample of the same variation type and v, is a binary number which
equals to 1 if the variation is present and 0 otherwise. Figure 3 shows the differences in the
frequency of occurrence of the gains and losses between 71 normal control and 71 autistic
samples of chromosome 7. The differences suggest further analysis to discover the
relationship between the predicted CNVs and to classify the tested samples.

4.2 Putative recurrent CNVs classification

Although the predicted variant segments of each aCGH profile have their own importance,
finding recurrent copy number variations that overlap and share the same type adds
another dimension to link them with the targeted disease. The size of our aCGH profiles is
relatively large and many of the variants regions of the same type (deletions/duplications)
are found in both cases and controls. We therefore include a filtering step by removing
these CNVs to make it easier to find the interesting variations and reduce the number of
data points to some subset of concatenated CNVs.
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Fig. 3. Frequency plots of the filtered samples. A) The solid red and the dash gray lines
represent the gain frequency of the typically developed (TD) and autistic (AU) samples,
respectively. B) The solid blue and the dash gray lines represent the loss frequency of the TD
and AU samples, respectively.

Before we make a decision on the predicted segments, in this section, we extend our method
by imposing cutoff criteria based on regional genetic information as an optimal feature
selection. The reasons for performing this procedure are as follows. First, we seek the
genetic structure and thus the genetic mechanisms responsible for the progression of the
disease. Second, we would like to remove or eliminate the irrelevant features (e.g., CNVs)
from the classification and hence, to increase the run-time speed and to improve the
accuracy of the classification. After ranking the CNVs, a suitable set is identified and
declared as an optimal feature set to be used for classification analysis. Although the feature
selection step is a major step attempting to discover and reveal genetic mechanisms, it can
not be claimed to discover the true biological relationship without further experimental
evaluation. The extension accounts for the minimal number of probes within in each
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Fig. 4. Schematic representation of 3 recurrent copy number variations (RCNVs) with
different lengths (Top) and concatenation vectors of the predicted combinations of RCNVs
(Bottom). The x-axis represents the genomic position and the y-axis represents the
experiments indices, C; for normal control samples and A; for autistic samples, respectively.
The vertical dashed lines represent the RCNVs boundaries. The red and blue bars represent
duplication and deletion for the corresponding positions.

segment, the intensity level represented by the log, ratio value, and the repeat content of the
region where the CNV is located.

Each segment that met biological and statistical cut-off criteria is considered a CNV and
assembled into a segmentation table for further biological analysis. Figure 4 is an illustration
of three RCVNs with different sizes of filtered DCN data for multiple samples of normal
control, Ci’s, and autistic, A;’s, individuals, respectively.

With this setup, we apply the traditional clustering algorithms (Fuzzy c-means and k-
means) to the concatenation vectors of the predicted combinations of RCNVs to classify the
DCN data samples and to provide insight into the pattern of the variations using the
concatenated recurrent CNVs that are statistically significant.

In the next section, we will investigate the classification performance using the predicted
combinations of multiple RCNV sites of different chromosomes produced by the regional
evaluation method presented in this section that may have direct role in the targeted
disease, ASD.

5. Visualization and pattern recognition

To visualize the microarray data, we apply agglomerative hierarchical clustering algorithm
to decide the level or scale of clustering that is most appropriate for our clustering analysis.
It provides a graphical representation of the samples to explore the number of ways to look
for relationships between the samples and to provide insight into the pattern of the
recurrent CNVs. The algorithm groups the data samples based on the defined measure of
the distances between the samples elements using similarities functions to create the
clusters. It starts from each single sample as a cluster and it merge the samples into clusters
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(groups or subgroups) based on the updated similarity measures (linkage), where clusters at
one level are joined as clusters at the next level. The definition of the similarity measures
depends on the clustering algorithm and the biological meaning of similarity. For example, a
correlation distance, d,(x,y), based on Pearson’s correlation (6) may bring together samples
whose probes intensity levels are different, but have a similar behavior, and which would be
considered different by the Euclidean distance d.(x,y) (7) which is suitable for discovering
the common CNVs. Specifically,

d, (x,y) ==L - , (6)
\/Z(xl -%)°Y (i -y)
i=1 i=1

N
)= [ 2 ) ”)

where X and ¥ are the sample mean values of the two data vectors x and y with N data
points, respectively.
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Fig. 5. Hierarchical clustering of chromosome 22 using 142 samples. A) 71 autistic (AU)
samples. B) 71 typically developed (TD) samples. Dark red represents duplications and dark
blue represents deletions. The solid black line used to separate the AU and TD samples.
Yellow square represents deletion region within the AU subgroup.
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To explore the dataset before imposing the cut-off criteria, we perform unsupervised
hierarchical clustering with the Euclidean distance as a distance metric to calculate the pair-
wise distances between the tested samples and centroid linkage method to create linkage
between the clusters tree. The heat map is used to represent thousands of log, ratios
(intensity values) of the probes of each sample it uses two-color of a matrix of colored cells,
red for duplication, where the log, ratio is positive, and blue for deletion, where the log,
ratio is negative. The rows represent the tested samples and the columns represent the
probes positions, and the brightness of the cells is proportional to their intensity levels. For
this analysis, our case-control population of study consists of 71 individuals with a
diagnosis of autism compared to 71 typically developing controls matched for gender and
ethnicity. Figure 5 shows an example of one of the five chromosomal regions used in this
study. By simple comparison between the recurrent CNVs detected in the entire or subset of
the autistic samples (Figure 5. A) and those detected in the typically developed samples
(Figure 5. B), we can detect patterns of variations that are exclusively or selectively
represented in one or the other group (see for example the deletions noted with yellow box).
The yellow square show long deletion region within the AU subgroup compared to the
other members in the AU individuals and TD controls.

6. Conclusion

In this chapter, we presented an overview for the analysis of genetic variations in the form
of DNA copy number changes and their association with the targeted disease, autism
spectrum disorder. Our study shows that our proposed algorithm, MLE, is computationally
efficient and it can achieve even better detection capabilities by considering the effect of the
nonuniform genomic spacing distance between the biomarkers. Moreover, to enhance our
algorithm’s ability to map and identify regions of variation across multiple samples, we
preformed statistical analysis on the filtered samples searching for common variations. The
potential impact of the statistical analysis is to provide insight into the patterns of the
variations by characterizing and classifying the samples that are involved in the targeted
diseases. Indeed, the high frequency of variants (duplications and/or deletions) detected in
these regions across the samples allowed the assembly of a copy number map of both
typically developed and diseased individuals. The mapping approach reveals patterns of
copy number change along these chromosomal intervals that are not currently represented
in the assembly of genomic variants compiled from relatively low-resolution genome-wide
platforms. Our findings indicate that Low copy repeat-rich intervals, known to be relatively
susceptible to copy number changes and sequence rearrangement, show a greater degree of
copy number alteration in diseased compared to typically developed individuals. A larger
contribution of variations detected (duplications and/or deletions) in the total copy number
burden differences have been reported to be associated with different genetic diseases. Our
findings also show ethnicity is an important consideration that should be integrated into
case-control study design. The findings suggest that autism is associated with an increased
amount of copy number alteration in unstable segments of the genome. The experimental
results also show that using high-resolution custom-tiled oligonucleotide array comparative
genomic hybridization samples, improve the accuracy of the proposed methods to detect the
true amount of structural variations of the human genome including previously reported
variations with known biological and clinical relevance and new variations that warrant
further investigated. To explore the idea that patterns of relatively common copy number
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variations can increase the power of discrimination between autistic and typically
developing patients, a set of recurrent variants that are statistically differed between the two
groups is identified and presented. The findings suggest that combinations of copy number
variations could provide the basis for discriminating autistic and typically developing
groups and potentially identifying distinct subgroups within the phenotypic heterogeneity
of autism spectrum disorder. Finally, the analysis presented in this chapter is broadly
applicable to case-control studies of genetic diseases beyond the targeted disease, autism.
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1. Introduction

Autism is a syndrome with a broad spectrum of phenotypes characterized by deficits in
social interaction and communication, repetitive or stereotyped behaviors, and restricted
interests (Rutter, 2005). Autism spectrum disorder (ASD) manifests mostly before 3 years of
age (Klauck, 2006). ASDs include two related diagnoses; pervasive developmental disorder
(PDD) including atypical autism, impairment in the same areas, but not meeting criteria for
autism; Asperger's syndrome, which is milder than PDD, showing similar impairments in
social interaction, behaviors and interests, but no significant delay in linguistic and cognitive
development (Weiss, 2009). The prevalence rate of ASDs is ~0.6% and ASDs are
approximately four times more common in males than in females (Veenstra-VanderWeele,
2004). Many studies have been performed to elucidate the pathogenesis of ASDs, but
identified risk factors do not explain a significant proportion of the disease prevalence.

Genetic epidemiological data have been suggesting that ASDs are heritable both in autism
families and in the general population (Freitag, 2007). The concordance rates of autism in
monozygotic twins were reported to be significantly higher (~ 60-90%) than those in
dizygotic twins (~ 10%) and the recurrence rates are known to be approximately 10-20 times
higher in siblings than in normal population (Folstein & Rosen-Sheidley, 2001; Cohen et al.,
2005; Bailey et al., 1995; Lauritsen et al., 2005). ASD is not a single-gene disorder with
Mendelian inheritance but rather a component of various genetic disorders with apparent
cytogenetic abnormalities (Eapen, 2011). Cytogenetic alterations were detected in 7.4% of
ASD (Vorstman et al., 2006), and some of them have been suggested as causative factors of
neurodevelopmental disorders (Merikangas et al., 2009). However, discrepancies in study
results and diverse modes of inheritance have hindered the discovery of common genetic
susceptibility factors to ASDs. For these reasons, despite the growing evidence supporting
the genetic susceptibility to ASD development (Folstein & Rosen-Sheidley, 2001; Veenstra-
VanderWeele & Cook, 2004), the genetic mechanisms of ASD is still largely unknown.

Recent technical advance in microarray-based whole-genome analysis has enabled
identification of common and rare genetic alterations associated with ASDs. Several recent
studies have suggested that ASDs are associated with genetic variations including single
nucleotide polymorphisms (SNPs) and copy number variations (CNVs), and that these
genetic variations may work together (Veenstra-VanderWeele & Cook, 2004). For example,
de novo CNVs were found in ~7% of idiopathic ASD families via oligoarray-comparative
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genomic hybridization and whole-genome SNP array analysis (Abrahams & Geschwind,
2008; Psychiatric GWAS Consortium Coordinating Committee et al., 2009). In addition to
rare de novo variations, common genetic variations such as SNPs on 5p14.1 were found to
be associated with ASDs and this finding was replicated in two independent studies (Wang
et al., 2009). Recently introduced next-generation sequencing (NGS) will further accelerate
mining of genetic variations linked with ASDs (Ropers, 2010). Graphical overview of the
reported ASD-associated CNVs and SNP are illustrated in the Figure 1. In this chapter, we
will review the recent results of CNV and SNP genome-wide association studies (GWAS) on
ASDs and discuss the perspectives of the genetic susceptibility study of ASDs.

Chr. 1 Chr. 2 Chr. 4 Chr. & Chr. 6 Chr.T Chr. 8 Chr. 8 Chr. 10 Chr. 11 Chr. 12

Chr. 13 Chr. 14 Chr. 15 Chr. 16 Chr. 17 Chr. 18 Chr. 18 Chr. 20 Chr. 2

1§g538=848

Fig. 1. Genomic map of CNVs and SNPs associated with ASDs identified by GWAS.

Green and red bars on the left and right side of the karyograms indicate chromosomal
locations of SNPs and CNVs, respectively. Blue bars on the right side of the karyograms
present the locations of known genes. This figure was drawn by IdeogramBrowser (Miiller
et al, 2007).

i
Sk

2. CNVs associated with ASD

2.1 What is CNV?

Using array-CGH, a combination of microarray and comparative genomic hybridization
(CGH) technologies, two pioneering groups of scientists have identified wide-spread CNVs
in apparently healthy, normal individuals in 2004 (Iafrate et al., 2004; Sebat et al., 2004).
CNV is defined as any type of genetic variant that alters the chromosomal structure,
including duplications and deletions (Iafrate et al., 2004; Sebat et al., 2004; Redon et al., 2006)
and now known to be one of the most prevalent types of genetic variations in the human
genome (Feuk et al., 2006; Hurles et al., 2008; Carter, 2007; Estivill & Armengol, 2007). In
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addition to SNPs, CNVs in normal individuals have been widening our understanding of
genetic heterogeneity (Iafrate et al., 2004; Sebat et al., 2004; Redon et al., 2006). Commonly used
working definition of CNV was a copy number change involving a DNA segment sized 1
kilobases (kb) or larger (Freeman et al., 2006; Feuk et al., 2006). Nowadays, definition of CNVs
includes any DNA structural variants including duplications, deletions and inversions (Hurles
et al., 2008). When the frequency of CNV is common (>1%) in the population, CNV is also
called copy number polymorphism (CNP). However, due to lack of standardized technologies
to define CNV, the size and frequency of CNV have not been well defined in human
populations. Since the two pioneering studies discovered the evidence of the existence of
CNVs (lafrate et al., 2004; Sebat et al., 2004), more than 66,000 CNVs and 34,000 InDels have
been identified in various populations (Redon et al., 2006; Simon-Sanchez et al., 2007; de Smith
et al., 2007; Perry et al., 2008; Diaz de Stahl et al., 2008; Yim et al., 2010; Conrad et al., 2010; Park
et al, 2010) and catalogued in the public database, Database of Genomic Variants
(http:/ / projects.tcag.ca/variation/) (Feuk et al, 2006). More CNVs have been uncovered using
the NGS analysis (Mills et al., 2011; Kidd et al., 2010; Kim et al., 2009).

CNVs can affect gene functions in several ways and have a potential to affect gene
expression levels presumably larger than that of SNPs. Deletion or duplication may disrupt
the genes located inside those regions, resulting in changes in the gene structure, which can
affect the gene expression. Alternatively, disruption of the transcription regulatory regions
and the enhancers can also affect the gene expression. During the recombination which is
thought to be an important mechanism of CNV development, novel fusion products may be
generated, which may exert positive or negative effects on gene expression and epigenetic
regulations (Feuk et al, 2006; Zhang et al., 2009; Hampton et al., 2009; Przybytkowski et al.,
2011; Reymond et al., 2007). Taken together, structural variations are likely to be responsible
for the phenotypic variation of human beings and comprehensive mapping of CNVs can
facilitate the understanding of inter-individual phenotypic differences including disease
susceptibility and responsiveness to drugs (Feuk et al, 2006; Estivill & Armengol, 2007).
Indeed, CNVs have been found to be associated with various types of Mendelian traits and
also a substantial number of complex diseases including neurodevelopmental disorders
(Buchanan & Scherer, 2008; Lee & Lupski, 2006).

2.2 CNVs in ASD

To assess the role of CNV in ASD, several different whole-genome microarray platforms
based on oligonucleotides, SNPs and BAC clones have been used for ASD family studies or
case-control studies (Abrahams & Geschwind, 2008; Cook & Scherer, 2008). As a result, lines
of evidence have been accumulated that multiple rare de novo CNVs contribute to the
susceptibility to ASD. For example, duplications and/or deletions on chromosome 15q11-
q13 confer increased risk of ASD (15q11-q13 duplication syndrome, Prader-Willi syndrome
and Angelman syndrome). Approximately one fourth of the individuals who have a 22q11.2
deletion and over 90% of individuals with duplication of 17p11.2 show characteristics of
ASD (Cohen et al., 2005; Abrahams & Geschwind, 2008; Fernandez et al., 2009). Significant
associations have been reported between ASD and CNV of various genes, such as NRXN1
(2p16.3), NLGN3 (Xq13.1), NLGN4 (Xp22.23) and SHANK3 (22q13.3). There have been many
reports on CNVs associated with ASDs, but, due to technical limitations and lack of
standardized methods for defining the CNVs and CNV regions (CNVRs), there are
inconsistencies among studies which should be removed by further GWAS. Table 1
summarizes the major CNVs identified by GWAS in ASD.
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; Replication CNV Number Stron
Discovery Sample g
Y P Sample Stu.d Y| Platform | Detection | of CNVs | candidate CN Reference
design . e . change
Case Control | Case |Control method | identified loci
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children control| CGH CyGHt 17p11.2 del 2009
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ACC:Autism Case-Control cohort

ADM : aberration detection method

AGP: Autism Genome Project

AGRE: Autism Genetic Resource Exchange

CHB: Children’s Hospital Boston

CHOP: Children’s Hospital of Philadelphia

CNAG: Copy Number Analysis for GeneChip

COPPER: copy-number polymorphism evaluation routine
dChip: DNA Chip Analyzer

GEMCA: Genotyping Microarray based CNV Analysis
HMM: hidden Markov model

NIMH: National Institute of Mental Health

NINDS: National Institute of Neurological Disorders and Stroke

Table 1. Genome-wide CNV association studies of autism

In 2007, two pioneering studies demonstrated the association of CNVs with ASD. The
Autism Genome Project Consortium performed linkage and CNV analyses using Affymetrix
10K SNP array for 1,181 ASD families with at least two affected individuals (Autism
Genome Project Consortium et al, 2007). Of the 254 highly significant CNVs, the
investigators emphasized four CNVs and the most interesting finding was a 300-kb sized
CNV loss on chromosome 2p16 identified recurrently in two families. The deletion of this
region disrupted the coding exons of the neurexin 1 gene (NRXN1), which interacts with
neurologins and involves in synaptogenesis. Therefore, deterioration of the neurexin 1
function by deletion may affect susceptibility to ASD or its phenotypes. The structural
variation in the NRXN1 gene was reported from the previous autism studies (Chubykin et
al., 2005; Feng et al., 2006). The other three interesting CNVs were 1.1-Mb sized CNV gain
on chromosome 1q21, 933-kb sized de novo duplication on 17p12, and duplication on
22q11.2. The duplication on 17p12 is known to cause Charcot-Marie-Tooth 1A (CMT1A)
disease (Houlden et al., 2006). In addition, other micro-duplications of the same
chromosomal region have been reported in individuals with mental retardation, linguistic
delay, autism and related phenotypes (Moog et al., 2004).

Sebat and his colleagues performed array-CGH analysis with 264 families and explored the
association of de novo CNVs with ASD, which are not present in their respective parents
(Sebat et al., 2007). The authors identified 17 de novo CNVs in 16 subjects. According to their
result, the frequency of spontaneous mutation was 10% in the sporadic cases and 3% in the
multiplex families, while 1% in unaffected individuals. One of the de novo CNV loci was a 4.3-
Mb sized deletion at 22q13.31-q13.33, where SHANK3 gene is located. Recurrent deletion of this
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region has been previously reported in ASD (Manning et al., 2004). Durand et al. reported that
mutations in SHANK3 gene were associated with ASD and abnormal gene dosage of SHANK3
was associated with severe cognitive deficits, linguistic delay and ASD (Durand et al., 2007).
SHANKS3 is a scaffolding protein found in excitatory synapses directly opposite to the
presynaptic active zone. This gene has been suggested to be associated with the
neurobehavioral symptoms observed in individuals with 22q13 deletions.

In 2008, four independent studies consistently reported the association of the CNV on
16p11.2 locus with autism. Weiss et al. adopted Affymetrix 5.0 SNP array to find CNVs in
751 multiplex families from the Autism Genetic Resource Exchange (AGRE) (Weiss et al.,
2008). They identified 32 high- and 15 low- confidence regions. Among the candidate loci,
microdeletion and microduplication on 16p11.2 were validated to be associated with ASD.
This association was further confirmed in clinical testing data from Children’s Hospital
Boston and in a large population data from Iceland (deCODE genetics data). Kumar et al.
screened 180 ASD cases and 372 controls using a 19K whole-genome tiling bacterial artificial
chromosome (BAC) array to identify submicroscopic copy number changes specific to
autism (Kumar et al., 2008). They observed ~500-kb sized recurrent microdeletion on
16p11.2 in two cases with autism but not in the controls. When they assessed the frequency
of this putative autism-associated genomic disorder, 0.6% of the ASD cases showed the
alterations while none in controls. The variation was confirmed by FISH, microsatellite
analyses and array-CGH. Christian et al. also used the same 19K whole-genome tiling BAC
array to identify ASD-associated CNVs in the 397 cases and 372 control set (Christian et al.,
2008). Among the 51 candidate CNVs, recurrent CNVs were identified in the loci including
15q11-q13, 22q11, and 16p11.2. They were confirmed by FISH, microsatellite analysis, or
quantitative polymerase chain reaction (PCR) analysis. Marshall et al. performed whole-
genome screening for 427 ASD cases and 500 controls using Affymetrix 500K SNP arrays
(Marshall et al., 2008). Of the 277 CNVs identified only in the cases, the CNVs on 16p11.2
locus appeared in around 1% of the ASD cases, which included both duplications and
deletions. There exist SHANK3-NLGN4-NRXN1 postsynaptic density genes, DPP6-DPP10-
PCDHO9 (synapse complex), ANKRD11, DPYD and PTCHDI1 in other associated CNVs.

New CNVs in addition to the known ones have been suggested to be associated with ASD
in the subsequent studies. Glessner et al. performed a whole-genome CNV analysis with 859
cases and 1,409 controls using Illumina HumanHap550 BeadChip (Glessner et al., 2009).
They generated 78,490 CNV calls and the positive findings were further evaluated in an
independent cohort of 1,336 ASD cases and 1,110 controls. Through this approach, they
identified several known ASD-associated genes as well as novel candidate CNVs. For
example, they identified the CNVs in the loci including 15q11-q13, 22q11.21, NRXN1 and
CNTN4, which were previously reported to be associated with autism (Kim et al., 2009;
Roohi et al., 2009; Fernandez et al., 2008). However, some of the genes or loci previously
known to be associated with ASD such as AUTS2 (Kalscheuer et al., 2007), NLGN3 (Jamain
et al., 2003), SHANK3 (Moessner et al., 2007) and 16p11.2(Weiss et al., 2008) were not
replicated in their study. Especially 16p11.2, a locus consistently reported to be associated in
four previous independent studies, did not show a significant association in this study.
Several new susceptibility genes such as NLGN1 and ASTN2 were identified in this study.
Both genes encode neuronal cell-adhesion molecules. In Chubykin et al’s report, mutations
in neuroligin superfamily members were identified in the individuals with ASD (Chubykin
et al., 2005). ASTN1 is a neuronal protein receptor integral in the process of glial-guided
granule cell migration during development (Zheng et al., 1996). Furthermore, CNVs of the
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genes involved in the ubiquitin pathways, such as UBE3A, PARK2, RFWD2 and FBXO040,
were observed in the ASD cases but not in the controls. Bucan et al. conducted high -density
genotyping of 912 multiplex families from the AGRE collection and 1,488 controls using
[Mlumina HumanHap550 BeadChip (Bucan et al., 2009). They identified more than 150 loci
harboring rare variants in multiple unrelated patients and the positive findings were further
validated in an independent cohort of 859 ASD cases and 1,051 controls by genomic
quantitative PCR. Among the candidate loci, there are previously reported ones such as
NRXN1(Marshall et al., 2008), UBE3A (Glessner et al., 2009), and 15q11-q13 (Christian et al.,
2008) and novel ones such as BZRAP1 and MDGA?2.

In 2009, Cho et al. reported the ASD associated CNVs in east-Asians. They performed
whole-genome BAC array-CGH with 28 ASD cases and with 62 controls and identified 38
CNVs including those harboring two significant loci, 8p23.1 and 17p11.2 (Cho et al., 2009).
DEFENSIN gene family are located in the 8p23.1 CNV locus and often showed copy number
polymorphisms in earlier studies (Linzmeier & Ganz, 2005). Although there have been no
direct clues to connect the copy number loss of DEFENSIN gene and ASD, immunological
dysfunction has been suggested to be associated with autism (Rutter, 2005).

Most recently, Pinto et al. analyzed the genome-wide features of rare CNVs in autism using
MNlumina 1M SNP arrays (Pinto et al.,, 2010). Based on 996 cases and 1,287 controls, they
identified 5,478 rare CNVs. By examining parent-child transmission, the authors found the
226 de novo and inherited CNVs which were not present in controls. As a whole, ASD cases
were found to carry a higher number of de novo CNVs than controls (1.69 fold, P=3.4X10-4).
A number of novel genes such as SHANK2, SYNGAP1, DLGAP2 and the DDX53-PTCHD1
in the CNVs were found to be associated with ASD in this study. Also, through gene set
enrichment analysis, cellular proliferation, projection and motility, and GTPase/Ras
signaling were found to be affected by the CNVs identified in their study. This approach
demonstrated the new paradigm of autism research based on functional pathway and cross-
talk.

3. SNPs in autism

Before the establishment of GWAS, the genome-wide linkage analysis has been used for the
discovery of the mutations in diverse diseases (OMIM http:/ /www .ncbi.nlm.nih.gov/omim).
Location of the disease genes were successfully narrowed down by linkage disequilibrium
mapping studies, but linkage approach was not always successful especially for complex
diseases. In many cases, the significant linkage loci were not replicated. One potential reason
is that the effect of a single risk variant on the pathogenesis of complex disease might be too
small to be detected. Small genetic effects could be detected with greater power by
association analyses such as GWAS with large case-control population (Risch & Merikangas,
1996). In other words, to identify common risk alleles in the common complex diseases,
population-wide analysis with more common and dense variants is required. SNP-GWAS
can be an ideal approach for unbiased screening and also be adopted for high-density
linkage analysis. SNP-GWAS became a matured technology for exploring novel associations
between genetic variants and complex diseases because over 12 million of SNAs have been
catalogued and high density array fabrication/analysis technologies have been developed.
In neuropsychiatric disorders with unknown etiology such as ASD, SNP-GWAS have been
actively adopted to explore the genetic background of the diseases (Table 2). In this chapter,
we will review the major SNP-GWAS results for ASDs.
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Initial Replication . Reported Strongest ptvalue of p-Va.Iue' of
Sample Size | Sample Size Region Gene(s) SNP discovery |replication| Platform | Reference
set (OR*) | set (OR¥)
72 families . Affymetrix | Arking et
(148 cases) 1,295 trios | 7q35 | CNTNAP2 | rs7794745 2.14E-05 <0.005 500K al., 2008
. . SEMASA, 1.7E-06 6.1E-03 Affymetrix |Weiss etal.,
1,031 families | 2,073 trios 5p15 TAS2R1 1510513025 (0.55) (0.76) 5.0 /500K 2009
(1,553 cases)
Ilumina
. . . 2.75E-05 Human Maetal.,,
438 families | 487 families | 5p14.1 | Intergenic | rs10038113 (0.67) 3.28E-03 IMv1 2009
beadchip
780 families | 417 families 11E05 | 1282 | B0K/IM
(1,299 cases) 50141 CDH10,CD 54307059 [llumina__ |Wang et al.,
1,204 cases 108 cases P& H9 2.2E-04 1.6E-2 550K /300K 2009
6,491 controls | 540 controls (1.19) ) Illumina
745 boys in
social group . .
. 2p21 | Intergenic | rs11894053 0.02 - Affymetrix | Ronald et
870 boy§ in | 1400 boys (social traits)| (social traits) 500K al., 2010
nonsocial
group
2,179 MACROD2 | rs4141463 2.1E-08 4.7E-08 . Anney et
1,558 families | families | 2P 2| (Str|Eury* | (Str|Eur) |  (0.56) (065) | MMuminal " “on10

*OR: Odds Ratio
**Str | Eur : strict diagnosis and European ancestry

Table 2. Genome-wide SNP association studies of autism

3.1 Common SNPs associated with ASD

Arking et al. performed a two-stage study on ASD using genome-wide linkage and family-
based association mapping by whole-genome SNP genotyping (Arking et al., 2008). For
stage I, they selected 72 multiplex ASD families and genotyped the samples using
Affymetrix 500K arrays. In this approach, they could not find any significant SNPs or
haplotypes. However, through the genome-wide linkage analysis, they identified 2
significant loci associated with ASD, 7q35 and 10p13-14. In the most significant locus (7q35),
they identified that a polymorphism in contactin-associated protein-like 2 (CNTNAP2) gene,
a member of the neurexin superfamily, is associated with ASD. In the second stage, they
validated the significant findings of the stage I by examining 145 multiplex families and
confirmed that CNTNAP2 was an autism-susceptibility gene. This result was the first
evidence that a common genetic variant in the neurexin superfamily member increases risk
of autism.

In 2009, Weiss et al. explored a linkage and SNP association analysis with 1,031 multiplex
autism families using Affymetrix 5.0 SNP array (Weiss et al., 2009). They found that a SNP
on 5p15 locus between SEMAS5A and TAS2R1 gene was significantly associated with autism.
In addition, the expression of SEMASA was found to decrease in brains of autistic patients.
Taken together the authors suggested a possibility of SEMA5A as an autism risk gene. Wang
et al. used higher density SNA array and larger study populations to identify common
genetic risk factors underlying ASDs (Wang et al., 2009). They used two different sets of
study subjects in discovery stage using Illumina Human 1M beadchip. First set was 780
families with 1,299 affected children and the second set was 1,204 patients and 6,491
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controls. They identified six significant SNPs located between cadherin 10 (CDH10) and
cadherin 9 (CDHY) genes strongly associated with ASD. These two genes encode neuronal
cell-adhesion molecules. Among the 6 SNPs, the most significant one was rs4307059 (P = 3.4
x 1078, odds ratio = 1.19). The SNP was replicated in two independent datasets of 447
families and 108 case-540 control sets. Combined analysis using all four datasets showed
that all six SNPs are associated with autism (P values ranging from 7.4 x 10-8 to 2.1 x 10-10),
Interestingly, 5p14.1 was consistently suggested as a novel risk locus in an independent
study in the same year. Ma et al. performed GWAS with 438 Caucasian autistic families
using [lumina Human 1M beadchip (Ma et al., 2009). They found that 96 SNPs were
strongly associated with autism (P < 0.0001). They validated all 96 significant associations in
independent samples of 487 families using 550K Illumina BeadChip, which was the same
array platform to Wang et al’s. A novel locus on 5pl4.1 was found to be significantly
associated with autism both in the discovery and validation dataset.

The Autism Genome Project (AGP) Consortium performed high-resolution genotyping with
1,558 families to identify significant SNPs (Anney et al., 2010). For primary analysis, they
partitioned the dataset along axes of diagnosis and ancestry; spectrum versus strict;
European versus all ancestries. Based on these partitioned data, they conducted four GWAS.
They observed the strongest association for SNP rs4141463 in one of the four primary
association analyses. Located within MACROD?2, this marker crossed the GWA significance
threshold of P < 5 x 108. They are performing analysis of combining data to validate the
results of the primary analysis.

Despite the expected advantages of large-scale GWAS analysis, none of the candidate
associations have been replicated so far, which may underscore the genetic and phenotypic
heterogeneity of ASD and indicate the fact that the effect size of common alleles
contributing to common disorders is much smaller than expectation (Eapen, 2011).

3.2 Rare SNPs associated with ASD

Definition of a rare variant is a variant with frequency <1%. The most deleterious variants
might be naturally eliminated during evolution, but some remain as rare variants. In
‘common disease-common variant’ model, most of the rare SNP associations have been
missed by current GWAS concept. However, rapid development of NGS will facilitate the
discovery of rare variants. Rare SNP associations are more likely to be detected by re-
sequencing of relevant regions in hundreds or thousands of individuals. It is anticipated
that advances in re-sequencing technologies will make it feasible to search systematically for
rare variant effects.

4. Conclusion

Human Genome Project has provided insight into a complete sequence of the haploid
human genome and we also have got new insight of the human genetic variations. Based on
this new insight, conventional target gene oriented and hypothesis-driven research design
has been quickly moved to a new paradigm, hypothesis-free mining of novel disease
associated genes. Indeed, over hundreds of genetic variants which may affect the
susceptibility of pathogenesis of complex disease have been identified by the GWAS. The
GWAS have been actively adopted in studying the causative factors of neurodevelopmental
disorders including ASD. Through GWAS approach, several robust ASD-associated variants
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in the genes such as NRXN1, SHANK3, NLGN4 and CNTNAP2 were uncovered. However, it
is too early to say that GWAS have brought reliable-enough insight into ASD. Many of the
significant CN'Vs identified in one study were not consistent or not successfully replicated in
the following studies. New improved algorithms for CNV and CNVR will be needed for
defining the CNVs more robustly. To sort out the platform to platform variation of CNV
call, which is one of the obstacles for the meta-analysis, more reliable experimental methods
should be developed. Re-sequencing large number of individuals without CNVs will help to
discover the new rare variants. Considering the speed of technological innovations
including algorithm, high-throughput analysis and NGS, we anticipate that current
obstacles of GWAS in autism research will be removed soon. However, GWAS result itself
will not be enough to get clinically applicable insight about the pathophysiology of ASD.
Integration of GWAS data with other resources such as improved bio-imaging, personal
whole-genome sequencing, gene-environmental interaction and metagenome analysis data
about gastrointestinal commensal bacteria will enable us to get a more comprehensive
insight in designing future personalized care of autism.

5. Useful website for ASD related data

- Psychiatric GWAS Consortium(PGC): https:/ / pgc.unc.edu/index.php
- National Institute of Mental Health Center for Collaborative Genetic Studies on Mental
Disorders : http:/ /nimhgenetics.org/
- Autism Genetic Resource Exchange (AGRE): http:/ /www.agre.org/
- Autism Genome Project (AGP):
http:/ /www.well.ox.ac.uk/monaco/autism/ AGP.shtml
- The International Schizophrenia Consortium (ISC): http:/ /pngu.mgh.harvard.edu/isc/
- Genetic Association Information Network(GAIN):
http:/ /www.genome.gov/19518664#al-4
- CNV project at the Children’s Hospital of Philadelphia: http://cnv.chop.edu
- The SGENE project: http:/ / www.sgene.eu/Summary.php
- Database of Genomic Variants (DGV): http:/ / projects.tcag.ca/variation
- A Catalog of Published Genome-Wide Association Studies:
http:/ /www.genome.gov/gwastudies/index.cfm?#searchForm
- DECIPHER: https:/ / decipher.sanger.ac.uk
- CNV project: http:/ /www.sanger.ac.uk/humgen/cnv/
- GEN2PHEN: http:/ /www.gen2phen.org/
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1. Introduction

Autism spectrum disorder (ASD) or pervasive developmental disorder (PDD) is a
neurodevelopmental disease, beginning in childhood but extending through to adulthood.
ASD is characterised by impairments in reciprocal social interaction and communication,
and by restricted or stereotyped patterns of interests and activities. This disorder has
received much scientific and social attentionl2. ASD is more common than previously
supposed with a frequency of 0.6-3 out of 100 births26 and occurs either sporadically or in a
familial pattern, and far more commonly in males”. The etiology remains largely
unknown?0. Previously we demonstrated that CD38 acts as a ‘niceness’ protein for mouse
social behavior, by regulating release of oxytocin (OT)1, which seems to be essential for
mutual recognition and trust!213. Therefore, here, we describe our results on single
nucleotide polymorphisms (SNPs) of CD38 in ASD patients and control subjects!4. In
addition, we report our experience of treatment of one ASD patient with a CD38 SNP by
nasal OT administration.

2. Results

Figures 1 and 2 show human CD38 expression in the frontal cortex, cerebellum,
hypothalamus and amygdala, by RT-PCR with human brain RNA samples which were used
for synthesizing cDNAs. CD38 mRNA was highly expressed in the hypothalamus in the
human brain, suggesting that CD38 has an important role on human social behavior, as in
the mouse!l.

Armed with this new information about CD38 in the human brain, we set out to examine
the human CD38 gene. The mRNA for CD38 is transcribed from human chromosome
4p151516. The CD38 gene consists of 8 exons, spanning a genomic stretch of 70.51 kb (mRNA:
1227 bases) (http://www.broad.mit.edu/mpg/haploview; Figure 3a). SNP screening in 8
exons and their flanking introns was performed by direct sequencing in 29 unrelated
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Fig. 1. Semi-quantitative RT-PCR confesses human CD38 expression in the frontal cortex
(F. Cort), the cerebellum (Cbl), the hypothalamus (Hyp) and the amygdala (Amyg).
Human brain RNA samples provided commercially (Ambion) were used for synthesizing
cDNAs. Relative intensity was calculated by comparing with [ -actin expression as a
control.
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Fig. 2. mRNA expression levels of CD38 gene in various human brain tssues. (a) The
relatve expression level of human CD38 gene was determined in RNA samples from frontal
cortex, cerebellum, hypothalamus and amygdala using real-tme quantitatve PCR.
Housekeeping normalized units (threshold cycle) for each gene obtained in the PCR analysis
were used to determine the fold-change among samples. Bars represent fold-changes of the
mRNA level of CD38 when comparing cerebellum with other tssues. Data are expressed as
the mean + S.D., performed in duplicate and repeated 3 times. *p<0.01, **p<0.01,
Significantly increased from cerebellum value (P<0.01 and P<0.001). (b) Each plot represents
the baseline-subtracted fluorescence intensity (A Rn) that reflects mRNA levels of CD38 or
f-actin genes. Horizontal lines indicate threshold lines set in the exponentially increasing
area calculated by using SDS software.

subjects (the sample set A in Table 1) fulfilling Diagnostic and Statistical Manual of Mental
Disorders, 4th edition (DSM-IV, American Psychiatric Association, 1994), criteria for ASD,
and in 201 non-clinical control subjects (sample set E), in the Kanazawa area in Japan. We
detected 12 SNPs that had already been reported, plus 3 novel mutations (Figure 3a). Allelic
and genotypic frequencies in these samples are summarized in Tables 2 and 3. Among them,
as shown in Figure 3b, we detected the C4693T mutation in exon 3 (SNP13; rs1800561) that
leads to an arginine (R)-to-tryptophan (W) substitution at amino acid 140, R140W.

In the following experiments, we focused mainly on this mutation, because of functional
abnormality in R140W-substituted-CD38: (1) The R140 is relatively well conserved among
multiple species except for the rodent (Figure 3c). R140 is located in the flexible loop (137-
141) at the midpoint of the N- and C-ternimus domains between two helical domains (c.a4



186 Autism - A Neurodevelopmental Journey from Genes to Behaviour

a - = - S® 38 -
- N ) o o o N~NOo o o
o o 1 o o Sopgna v
§ B g $E E2tg g
o o (=] N~ © o ™mN o~
g g 3 58 g2g¥ g
22 @ e Beeo B
° I I L H '
I } n IV V VIVl Vil
rs1800561 rs1800051 \
3193C>G 4092C>T 4693C>T 5346A>C 6900C>T
(SNP 11) (SNP12) (SNP13) (SNP14) (SNP15)
b c c A G c G G G A C

T

4
-
/;\/
>
e

[+
w ASD
130 LAH Q F T Q@ V Q R DMF TLED T L L Human
132 LAH Q F T Q V Q R DMF TLED M L L Macaque
124 LAH E Y A K R R R L M- TLED T L L Bovine
139 LAHD Y T R V Q R DMY TLED T L L Canine
129 LAH QY S G I Q K EMF TLED T L L Rabbit
13 LAH QY T W | Q G K MF TLED T L L Rat
132 SKH QY T W | Q 6 K MF TLED T L L Mouse
97 EAH D F A D D G R K Y I TLED T L P Aplysia Kurodai
73 EAH D Y A N T G R K Y I TLED T L P Aplysia California

Fig. 3. Genome and molecular structures and mutations of CD38.

(a) Genomic structure of CD38 and locations of SNPs in introns (upper) and in exons
(lower). Exons are indicated by boxes, with translated regions in closed boxes, and
untranslated regions in open boxes. Mutations at amino acids at positions of 47, 116, 140, 168
and 264 of CD38 are indicated. Numbering of the nucleotides starts at the A of ATG
encoding the initial methionine and refers to Genbank accession number D84284.

(b) Sequence trace was derived from a blood DNA sample of 4693C/T heterozygote.

(c) Conservation of R at the 140th amino acid among different species, except for the rodent.
Sequences were obtained through the accession numbers of NM001775, AY555148,
NM175798, AF117714, AF272974, NM013127, NM007646, D30048, and M85206/M37644 for
the indicated species, respectively. It is noted that mutant structure has more open-form
conformation than wild-type and its variation is slightly larger.
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and aab) and is the pivot of the hinge region connecting two regions of L-shaped molecule?”.
Therefore, the mutation (W140) causes severe perturbations of the predicted protein
structure, if compared with the human (R140), rabbit (K140) or mouse (G140) CD38 (see
Figure 7 in ref.14). (2) Indeed, the mutant W140-CD38 showed one third of ADP-ribosyl
cyclase activity of wild-type CD38 expressed in the CHO cells?>. (3) Social amnesia was not
rescued by local expression of W140-CD38 in the hypothalamus in Cd38 knockout mice!?.

Sample Subject Male/Female Age Description Coun’tryw140 aHEIeReference
set number range average frequency
A 29 (23/6) 12to44 22.8+/-7.6 Unrelated ASD  Japan*  0.052
B 3 (3/0) 21to44 30.0+/-7.1 3 probandsin A Japan* 1
C 25 (15/10) 21to84 53.0+/-4.6 3 familiesin B Japan* 0.32
D 252 (252/0) ASD USA** 0 20,21
E 201 (106/95) 22to64 32.5+/-0.9 Unscreened control Japan*  0.007
*In the Kanazawa area **AGRE samples

Table 1. Sample sets in this experiment

SNP* Control ASD

N  Allele counts Frquency N  Allele counts Frequency
SNP01 1s3796878  G>A 400 4 0.01 58 0 0
SNP02 153796875  A>G 398 100 025 56 18 0.321
SNP03 1s6449197 C>T 392 81 0.207 58 16 0.275
SNP04 1s11574927 A>G 402 78 0195 58 6 0.103
SNPO05 1510805347 A>G 400 180 0452 58 22 0.379
SNP06 153796863  C>A 398 148 0371 58 20 0.345
SNP07 1s1130169  C>T 398 36 0341 56 15 0.268
SNP08 1s13137313 A>G 398 176 0.442 58 28 0.483
SNP09 1517476066 T>C 392 46 0117 58 6 0.103
SNP10 1s3733593  C>T 398 128 032 56 17 0.305
SNP11 C>G 402 1 0.002 58 0 0
SNP12 C>T 402 0 0 58 1 0.017
SNP13 rs1800561 C>T 402 3 0.008 58 3 0.052
SNP14 1s1800051  A>C 402 59 0.146 58 13 0.22
SNP15 C>T 402 6 0.015 58 0 0

*SNPs are denoted as major allele>minor allele

Table 2. Alleleic frequency of SNPs in control and ASD subjects

The 140R/W (C4693T) heterozygotes were found in 3 male subjects (sample set B; two
autistic and one Asperger) out of 29 ASD patients examined (23 males and 6 females with
the mean age = 22.8 + 7.6; prevalence of 10.3% of ASD samples). We examined whether or
not the W140 allele seems to be co-segregated with ASD and ASD-related traits in 3
probands’ families. Twenty five members of the 3 kindred families (sample set C) were
available for detailed clinical and genetic analyses (Figure 4). The 4693C-to-T change was
found in all probands’ fathers in the 3 families and brothers in the 2 families (Family #1 and
#3). The mutation is present in the grandmother of the father’s side in the Family #1 (1-I-4)
and is also predicted to be transmitted from the late grandmother of the father’s side in the
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Fig. 4. Pedigrees for three families of ASD probands carrying the W140. Affected males
(probands) are indicated with red arrows. Affected or carrier males or females are indicated
by filled squares or circles, respectively. Empty symbols denote individuals with no
mutation. Gray symbols indicate undetermined with no DNA available for analysis. Sexes
are hidden by diamond symbols upon request. The subjects are indicated by progressive
Arabic numbers according to the three generations. The current study was approved by the
ethical committee of Kanazawa University Graduate School of Medicine. Subjects marked
with symbols are: **, denotes ASD; *, ASD traits; P, PDD-NOS; A, Asperger disorder.
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Fig. 5. Expression of the minor allele of rs1800561

(A) cDNA with 4693C has MspAll site. (B) RT-PCR products from blood RNA samples were

digested by MspAll. An RT-PCT product from a homozygous 4693C/ C subject gives two

bands, while a heterozygous 4693C/ T subject giving three bands. (C) Sequencing of RT-PCR

products confirms the SNP.
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Family #3 (3-1-3), in an apparently autosomal dominant fashion. We found a total of 18
carriers in 28 family members cooperative (prevalence=64%). In all cases the mutation was
heterozygous (allelic frequency=0.32). The mutant allele was indeed transcribed in the
subjects tested (Figure 5).

The kindred were clinically evaluated by interviewing. The probands” young (1-III-2 in the
Family #1) and old (3-III-1 in the family #3) brothers showed clinical features conforming to
PDD-NOS (PDD not otherwise specified) or Asperger. Two fathers (1-II-2 and 3-II-1) in their
50s and another father (2-I-1) in his 70s were all diagnosed as having with ASD traits. Most
other adults over 50 years old in these pedigrees had not been clinically diagnosed with
ASD or other psychiatric diseases, though some showed personal traits such as eccentricity,
resulting in 8 ASD subjects out of 13 male carriers (62%). Interestingly, four young female
cousins with (1-III-3 and 1-IlI-4 in the family #1) and without (3-1II-3 and 3-III-4 in the
family #3) the mutation, had no clinical ASD phenotype.

We also evaluated them from the score of the Autism-Spectrum Quotient (AQ)!819, in which
older subjects esteemed themselve by recalling behaviours at their life period of 20s. AQ
scores in two young male carriers in the family #1 (1-III-1 and -2) fulfilled the criteria (cut-
off point of 28) of ASD, though this score was not obtained from two other ASD probands
(in the families #2 and #3), because of low intelligence (Figure 6). Some carriers’ scores were
above the standard deviation of average values in noncarrier family members who showed
normal control scores, indicating that such carriers may be considered to manifest ASD
traits, even though not affected at the clinical level (Figure 6a). Statistically there is no
difference between three different age groups (young, middle and old generations), but the
males’ score was significantly higher than that of females (p<0.05; Figure 6b). These clinical
and self-describing evaluations suggest that this gene polymorphism is important to
determine the ASD or ASD trait phenotype.

Given these results, we obtained serum samples from the kindreds to further study the
connection between the human CD38 mutation and plasma OT or arginine vasopressin (AVP)
levels, since we previously showed that a null mutation of Cd38 resulted in the selective
decrease of plasma OT levels in mice!!, and low levels of OT have been reported in autistic
children®. The plasma OT levels in the carriers (161.3 + 26.5 pg/ml, n=12) were lower than
those of kindred non-carriers (345.8 £ 61.3 pg/ml, n=10; p<0.01), as shown in Figure 7. The
differences seem to be found in the younger generation but not so in older subjects (Figure 7c).
The OT levels of three probands and two young carriers were compared with ASD patients
without the W140 mutation (in the sample set A): the levels of five W140 carriers (79.2 = 16.6
pg/ml; n=5) were lower than those without the mutation (147.7 + 15.0 pg/ml; p<0.01, n=26).
Furthermore, the OT level of the carrier ASD probands was significantly lower when
compared with that in 101 adult control (198.2 £ 24.7 pg/ml; p<0.01). As expected, there is no
difference in AVP levels between CD38-mutation-carriers and -noncarriers in the pedigrees
(Figure 7b and d). Low plasma hormone levels were frequently observed in subjects with high
AQ scores in carriers in the pedigrees (Figure 7e and f).

We also analysed the R140W mutation in 252 ASD subjects (excluding Hispanic and Asian
peoples) recruited to the Autism Genetic Resource Exchange (AGRE; http:/ /www.agre.org)!
in USA (sample set D22). No mutation was found, suggesting ethnicity-dependent frequency
differences. Finally, from 201 healthy unscreened control subjects (sample set E), 2 females and
1 male were positive for the mutation, representing allelic frequency of 0.007 (Tables 2 and 3).
This frequency is 7.4-fold lower than those (0.052) in ASD patient group in the same residential
area (p<0.028; Table 3).
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Fig. 6. AQ score in family members in the three pedigrees. (a) Assessment groups were:
W140: n=14 family members with the monoallelic R140W mutation; R140: n=7 persons
without the mutation in the families. Horizontal dashed bar indicates the critical score of 28
obtained from clinical ASD group in a separate experiment!8. The mean and standard
deviation range of AQ scores were illustrated. Note that 5 individuals show the
intermediate score above the control range but below the ASD score. The score with R140W
is higher than that without (one-way ANOVA, p<0.05). (b) A plot of AQ scores of each
individual of family members with or without the R140W mutation according to age. No
significance was found between three generations (20<age<40, 40<age<60 and 60<age) by
two-way ANOVA. The scores of males are significantly higher than those of females
(p<0.05). Circles indicate female, and squares, male.
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Fig. 7. Plasma oxytocin and vasopressin levels in family members. Plasma concentrations
of OT (a) and AVP (b) levels in family members with (W140; n=12, red or orange bar) or
without (R140; n=10, green or blue bar) heterozygous R140W allele. Mean * s.e.m. **, p<0.01
(one-way ANOVA). OT (c) or AVP (d) levels in the three kindred according to age. OT (e) or
AVP (f) levels as a function of AQ scores. Red and orange symbols or green and blue
symbols indicate levels from persons with or without the R140W mutation, respectively.
Circles denote female and diamonds or squares, male.
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SNP Sample HWE Genotype (No. & Frequency) *p-value Allele (No. & Frequency) *p-value
SNPO1 AA AG GIG A G
Control 0.89 0 0.00 4 0.02 196 0.98 1 4 0.01 396 0.99 1
ASD - 0 0.00 0 0.00 29 1.00 0 0.00 58 1.00
SNP02 AA AG GIG A G
Control 0.83 11 0.56 76 0.38 12 0.06 0.602 298 0.75 100 0.25 0.416
ASD 06 13 0.46 13 0.46 2 0.07 39 0.70 17 0.30
SNP03 TT TIC c/C T [}
Control 0.55 7 0.04 67 0.34 122 0.62 0.236 81 0.21 311 0.79 0.234
ASD 0.26 1 0.03 14 0.48 14 0.48 16 0.28 42 0.72
SNP04 AA AIG GIG A G
Control 0.78 129 0.65 64 0.32 7 0.04 0.089 322 0.81 78 0.20 0.104
ASD 0.17 24 0.83 4 0.14 1 0.03 52 0.90 6 0.10
SNP05 AA AIG GIG A G
Control 0.12 55 0.28 110 0.55 35 0.18 0.363 220 0.55 180 0.45 0.672
ASD 0.43 1 0.38 12 0.41 6 0.21 34 0.59 24 0.41
SNP06 AIA AIC cic A C
Control 0.17 23 0.12 102 0.51 74 0.37 0.959 148 0.37 250 0.63 0.771
ASD 0.71 3 0.10 14 0.48 12 0.41 20 0.34 38 0.66
SNP07 TT TIC c/C T Cc
Control 0.18 19 0.10 98 0.49 82 0.41 0.226 136 0.34 262 0.66 0.293
ASD 0.34 3 0.11 9 0.32 16 0.57 15 0.27 41 0.73
SNP08 AA AIG GIG A G
Control 0.75 63 0.32 96 0.48 40 0.20 0.594 222 0.56 176 0.44 0.574
ASD 0.36 9 0.31 12 0.41 8 0.28 30 0.52 28 0.48
SNP09 TT TIC c/C T C
Control 0.83 153 0.78 40 0.20 3 0.02 0.261 346 0.88 46 0.12 0.657
ASD 0.06 25 0.86 3 0.10 1 0.03 53 0.91 5 0.09
SNP10 TT T/IC c/C T [}
Control 0.85 20 0.10 88 0.44 91 0.46 0.373 128 0.32 270 0.68 1
ASD 0.1 1 0.04 16 0.57 11 0.39 18 0.32 38 0.68
SNP12 TT TIC c/IC T C
Control - 0 0.00 0 0.00 201 1.00 0.126 0 0.00 402 1.00 0.126
ASD 0.92 0 0.00 1 0.03 28 0.97 1 0.02 57 0.98
SNP13 TT TIC c/C T [}
Control 0.91 0 0.00 3 0.01 198 0.99 0.028 3 0.01 399 0.99 0.029
ASD 0.77 0 0.00 3 0.10 26 0.90 3 0.05 55 0.95

P-value from Fisher’s exact test. SNPs11, 14 and 15 were not analysed.

Table 3. Statistical analysis of SNPs in 29 ASD and 201 control subjects in the Kanazawa
area

One proband receiving intranasal OT for 6 months showed improvements in the area of social
approach, eye-contact and communication behavior without serious adverse effects. These
results suggest that the CD38 W140 allele could be a possible risk factor for one form of ASD
by abrogating OT function and the carriers become candidates for the OT treatment!4.

3. Discussion

ASD is heterogeneous and forms a continuum, and thus is likely to involve many genes’
102326, De novo mutations related to ASD are rarely inherited?, but some ASD also can be
inherited from pre-existing genetic variants in parents, for both of which a unified
mechanism was proposed?. Our results shed light on genetic mutations of CD38 in relatively
mature ASD patients and the inheritable ASD subgroups of three independent families in
which the CD38-R140W mutation showed relative co-segregation with diverse phenotypes
of ASD. In such multiplex families, the risk of autism or ASD traits in young male offsprings
is nearly ~100%, representing dominant transmission of a mutation with high penetrance.
However, we cannot completely exclude as yet unidentified contributing factors.

The heterozygous 4693C/T carriers were identified in Japanese and Italian general
populations!627. The presence of this mutation in Japanese has already been reported in the
HapMap site (http://www.hapmap.org/) and by Yagui et al. in 199815, Surprisingly, the
carriers were also identified in females. Therefore, it is highly possible that even clinically-
unaffected female carriers with this mutant allele could in turn transmit the mutation to
their offspring with high penetrance in males. Currently, we are intensively collecting blood
samples for mutation analysis from many ASD and control subjects in different cities and
countries to support our finding, which so far has been carried out in a relatively small
group in a restricted area.
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A noteworthy role for OT in social recognition has been shown in rodent and human
studies!213, Recently, a 1.1-Mb deletion of 20p13 including the OT gene (copy number
decrease) has been detected in a child with Asperger disordert. An association of one or two
intronic SNPs in the OT receptor gene with autism has also been reported?>2829, suggesting
that defects in OT signaling confer genetic vulnerability to ASD. Though the R140W
mutation was not found in 252 American AGRE samples, the association study with
tagSNPs showed one SNP (SNPO06; rs3796863) that is positively related (p<0.004) with
American high functioning autism14.

In conclusion, CD38 mutations provide one genetic basis for those instances of ASD that
arises from disruption of the OT signaling. Thus, our finding provides the first theoretical
background for the evidence-based treatment by OT infusion for a subgroup of ASD
patients with the lower plasma OT level'4, which has already been tried for non-selected
ASD subjects3031,

4. Methods summary

Clinical and genetic studies were carried out according to institutional guidelines after
ethical approval of participating institutions and informed consent was obtained from all
participating patients. A total of 29 unrelated affected individuals out of 96 in the Kanazawa
area in Japan (Sample set A) were admitted the Kanazawa University Hospital diagnosed
with DSM-IV in accordance with clinical criteria. Blood and platelet biochemical analyses
were performed in 29 ASD probands and their parents and family members who agreed to
supply. Genotyping for the association study and mutation screening were performed by
direct sequencing or TagMan technology. PCR products were sequenced with the BigDye
Terminator Cycle Sequencing Kit (V3.1, Applied Biosystems, Foster City, CA, USA).
Samples were then subjected to electrophoresis, using an ABI PRISM genetic analyzer
(Applied Biosystems). Absence of genotyping errors was controlled by sequencing the PCR
product with the opposite primer in a subset of patients.

Statistics: Data are expressed as mean * s.d. or s.e.m. Statistical analysis was performed
using one-way or two-way ANOVA. The criterion for significance in all cases was p<0.05.
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Brain Oxytocin is a Main
Regulator of Prosocial Behaviour
- Link to Psychopathology

Lukas Michael and Neumann Inga D
University of Regensburg
Germany

1. Introduction

The neuropeptide oxytocin (OT) becomes increasingly attractive not only for
neurobiologists, psychologists and psychiatrists, but also for sociologists and economists
promoted by the discovery of amazing behavioural functions it regulates, especially in the
context of social interactions. The discovery of multiple pro-social as well as anti-stress
effects of OT, which have been discovered in recent years, makes the OT system of the brain
a promising target for psychotherapeutic intervention and treatment of numerous
psychiatric illnesses, for example, anxiety disorders, social phobia, depression or autism
(Slattery & Neumann, 2010). The endogenous OT system of the brain can be found in
different activity forms. Consequently, neuronal OT synthesis, OT release within distinct
regions of the brain, OT receptor binding and the intensity of OT behavioural effects can
vary in dependence on the physiological (or pathophysiological) activity state, which will be
outlined in more detail below. It is generally assumed that psychopathologies associated
with impaired social interactions, such as autism, are accompanied by an impaired activity
of the brain OT system, which may affect at least one of the above mentioned parameters.

1.1 The oxytocin system

Chemically, OT consists of nine amino acids. Two cystein residues form a disulfid bridge
creating the circular structure of the nonapeptide discovered almost 60 years ago (Du
Vigneaud et al.,, 1953). OT and the structural related neuropeptide arginine vasopressin
(AVP) belong to the arginine vasotocin family (Acher et al., 1972). Neuropeptides of this
family are ubiquitous within vertebrates and evolutionary highly conserved, both in
structure and functions (Hoyle, 1999).

Together with AVP, OT is an essential part of the hypothalamo-neurohypophysial system.
OT and AVP are mainly synthesized in a well-defined arrangement of magnocellular
neurons located within the hypothalamic supraoptic (SON) and paraventriular nuclei (PVN)
of the hypothalamus at the base of the brain. Via axonal projections OT and AVP reach the
neurohypophysis where they are released into the blood stream.

Originally, OT has been reported as a hormonal key regulator of female reproductive
functions in all mammalian species when secreted into blood. Thus, OT accelerates the
delivery process as it promotes uterine contractions, and is essential for milk ejection during
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lactation. However, starting with the fundamental discoveries of David DeWied and Cort
Pedersen (De Wied, 1965, Pedersen & Prange, 1979), OT (and also AVP) emerged as a
neuromodulator of the brain regulating a broad variety of behaviours. Among the various
behavioural effects of OT are prosocial actions such as the promotion of maternal care and
aggression, pair-bonding, sexual behaviour in males and females, social cognition, social
memory and social support (for review see Bielsky & Young, 2004, Donaldson & Young, 2008,
Neumann, 2009). Moreover, OT has the potential to reduce anxiety and to inhibit physiological
stress responses which is likely to accompany these prosocial actions (Neumann, 2002, 2009).
In the context of these multiple behavioural effects, neuronal release of OT within the brain
is of main relevance and has recently attracted the attention of many neurobiologists. The
locally restricted intracerebral release of OT or AVP can be monitored using microdialysis in
combination with sensitive radioimmunoassays, even in freely behaving animals (for review
see Landgraf & Neumann, 2004, Veenema & Neumann, 2008). Monitoring of central release
patterns of OT during ongoing behavioural performance is challenging, but possible. Thus,
even during mating, mother-offspring interactions and suckling, or the display of aggressive
or defensive behaviours, dialysates can be sampled without interference with the behaviour
of the animal. Moreover, using this technique, the dynamic changes in the concentration of
OT in the extracellular fluid surrounding oxytocinergic neuronal structures can be
correlated with ongoing behavioural performance.

The release of OT and AVP within the brain should occur from dendrites or perikarya of
magnocellular neurons described within the hypothalamus (Ludwig & Leng, 2006), but also
from axonal or collateral projections of parvo- or magnocellular neurons targeting, for
example, regions of the limbic brain (Buijs et al., 1983). OT and AVP systems served as a
suitable model arrangement not only for the discovery of important molecular and cellular
mechanisms of neuropeptide synthesis, precursor processing, and cellular trafficking, but also
for the stimuli and neuronal mechanisms of intracerebral neuropeptide release within distinct
brain regions (Landgraf & Neumann, 2004, Ludwig & Leng, 2006, Ludwig & Pittman, 2003,
Neumann, 2007). In the context of this chapter it is important to mention that a variety of social
stimuli trigger the activation of OT neurons and, thus, local OT release within the brain (see
below), in some, but not all, instances accompanying peripheral secretion into blood. We
hypothesize that, in humans, lack of OT activation in a social context might be associated with
social dys-functions as seen in a variety of psychopathologies.

1.2 Autism and social behaviors

Various psychiatric disorders are associated not only with emotional disturbances, but also
with dysfunctions and deficiencies in social interactions (Kohn & Asnis, 2003, Neumann et
al., 2010). Thus, impaired social functions such as social withdrawal, social phobia,
aggression and violence, or impaired social cognition are core symptoms for, for example,
major depression, anxiety disorder, posttraumatic stress disorder (PTSD), borderline
syndrome, schizophrenia, and autism spectrum disorders (ASD) including the Asperger’s
Syndrome. Deficits in sociability seen in ASD become apparent during standard nonverbal
social interactions, e.g. eye contact or affective expression. Reduced empathy the inability to
share blissful and tearful emotions with others, and a lack of social and emotional
reciprocity further demonstrate reduced sociability. Moreover, individuals with ASD fail to
recognize faces and to integrate facial expressions of emotions caused by impaired social
cognitive abilities (Harony & Wagner, 2010).



Brain Oxytocin is a Main Regulator of Prosocial Behaviour - Link to Psychopathology 199

Due to its profound pro-social actions discovered in animal studies, OT effects on human
social behaviour started to be in the focus of interest of psychologists and psychiatrists,
among others. Consequently, a potential involvement of the brain OT system in mal-
adaptations during these diseases and the potential of synthetic OT as therapeutic strategy
has been suggested (Harony & Wagner, 2010).

This chapter aims at summarizing various activity states of the OT system and provides
evidence from both animal and human studies for its role as a key regulator of complex
social behaviors.

2. The brain OT system and rodent social behaviour

There are various physiological conditions associated with an altered activity state of the
endogenous OT system. These include, for example, the peripartum period in females, sexual
activity in both males and females, social interactions between conspecifics, both offensive and
friendly, or pairbonding in the female monogamous prairie vole. Under these conditions of a
naturally occurring high-activity state, the functional relevance of the endogenous brain OT
system can be nicely investigated using various pharmacological tools such as selective
receptor antagonists. Moreover, studying the dynamic release patterns of OT within a relevant
brain region during such an activity state tells us a lot about the neurobiological activity of the
endogenous brain OT system, which is important for the final aim to either use OT as a
possible therapeutics or, alternatively, to target the brain OT system therapeutically. Most of
our knowledge regarding the intracerebral release of OT during such high-activity states as
well as the functional significance for pro-social behaviours arrives from rodent studies.

2.1 Intracerebral OT release in the context of female social behaviours peripartum
Physiological and behavioural changes have been extensively described in the mammalian
maternal brain occurring in the peripartum period (Neumann, 2001, Slattery & Neumann,
2008). They continue in lactation as a direct result of close social interactions between
mother and offspring, for example during suckling, maternal care and protection. The OT
system is highly activated peripartum as it plays a predominant role in female reproduction
for speeding up birth and facilitating milk ejection. The general activation of the OT system
is reflected by increased OT synthesis in neurons of the hypothalamus, OT secretion into
blood, and local OT release and OT receptor binding in several brain regions (for review see
Neumann, 2003, Numan & Insel, 2003, Slattery & Neumann, 2008).

Using intracerebral microdialysis or push-pull perfusion techniques, local release of OT has
been shown, for example, within the hypothalamic SON and PVN, the septum,
hippocampus, and the olfactory bulb during parturition and suckling (Kendrick et al., 1988,
Neumann et al., 1993, for review see Neumann, 2009). Such centrally released OT has been
shown to be involved in several neuroendocrine and behavioural functions: both during
birth and in response to suckling, brain OT regulates the pulsatile release of OT into the
blood in a positive feedforward mechanism (Moos & Richard, 1989, Neumann et al., 1994).
Further, centrally released OT simultaneously promotes the fine-tuned maintenance of
mother-offspring interactions, such as offspring recognition (sheep), maternal care, but also
maternal defence behaviour (Bosch, 2011, Bosch & Neumann, 2008, Kendrick et al., 1988,
Lubin et al., 2003, Pedersen, 1997). Together these physiological functions are important
prerequisites for the survivial of the offspring. In addition, OT at this high activity state
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inhibits emotional, e.g. anxiety-related, and neuroendocrine responses to acute stressful
stimuli (Neumann et al., 2000).

Moreover, we could monitor increased release of OT within the hypothalamic PVN and the
central amygdala during the defence of the pups against a virgin intruder rat in lactating
rats. Intracerebral microdialysis allowed simultaneous monitoring of locally restricted
release patterns as well as of various maternal aggressive and non-aggressive aspects of
social behaviour of the dam (Bosch et al., 2005). Interestingly, central OT release was found
to be correlated with the intensity of maternal aggression, indicating a direct link between
local neuropeptide release and behavioural performance (Bosch et al., 2005). In order to
reveal the functional significance of locally released OT, we blocked local OT receptors
using a specific OT receptor antagonist before behavioural testing. Within the PVN and the
central amygdala, bilateral application of the OT antagonist reduced aggressive behaviour
towards the virgin intruder (Bosch et al., 2005), but pup-directed maternal behaviour was
not altered. Thus, in lactation, OT released within the hypothalamus and amygdala and
acting at local receptors fulfils an important role in promoting maternal defence behaviour
and offspring protection. Within the amygdala, OT directly regulates neuronal activity
(Huber et al., 2005, Neumann, 2002). Moreover, both within the PVN and the amygdala OT
exerts anxiolytic effects in female and male rats (Bale et al., 2001, Blume et al.,, 2008,
Neumann, 2002). Therefore, it is tempting to suggest a functional link between locally
released OT in response to a social challenge, i.e. exposure to the intruder, the reduction in
anxiety and the display of maternal aggressive behaviour. Indeed, different levels of
maternal behaviour and maternal aggression have been found in rats selectively bred for
high versus low trait anxiety (Bosch, 2011, Bosch & Neumann, 2008).

In addition to the link between the high activity of the brain OT system and respective pro-
social and defensive behaviours of the mother, the high activity state of the OT system
peripartum has further been associated with a state of anxiolysis and general attenuation of
physiological stress responses (Heinrichs et al., 2001, Neumann et al., 2000, Torner et al.,
2002, Windle et al., 1997) (for review see Neumann, 2009, Slattery & Neumann, 2008).

2.2 Intracerebral OT release during the display of male sexual behaviour

OT is also released within the male brain, in response to social and non-social stimuli (for
review see Engelmann et al., 2004, Landgraf & Neumann, 2004, Neumann, 2007). As sexual
interaction is the most intense social interaction found in males and increased OT secretion
into blood has been found during orgasm (Carmichael et al., 1987, Stoneham et al., 1985) we
and others have studied the activation of the brain OT system during sexual activity and its
role in the regulation of sexual behaviour.

In response to sexual stimuli, there is increased Fos-expression within the hypothalamus
reflecting increased neuronal activity in OT neurons of the PVN (Witt & Insel, 1994). This is
likely to reflect both increased secretion of OT into blood, but also intracerebral
neuropeptide release. Indeed, we could recently demonstrate using intracerebral
microdialysis in freely moving male rats that successful mating triggers local release of OT
within the PVN (Waldherr & Neumann, 2007). Interestingly, OT release already started to
rise during the presence of the primed female behind a perforated wall, which allowed
olfactory and visual, but not physical, contact or mating. As males clearly displayed signs of
behavioural arousal under these conditions, OT activation may already be induced by the
presence of a receptive female even without mating (Waldherr & Neumann, 2007). Within
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the hypothalamic PVN OT has been shown to play an important role in the regulation of
male sexual behaviour (Argiolas & Gessa, 1991), but also of anxiety (Blume et al., 2008).
Specifically, during mating, such locally released OT could be shown to exert an anxiolytic
effect in male rats (Waldherr & Neumann, 2007).

We therefore conclude that the release of OT within the brain during sexual activity has far
reaching behavioural consequences and beneficial effects for the male rat, i.e. reducing the
level of anxiety and stress responses for several hours. In humans, there is anecdotal and
experimental evidence of a link between sexual activity, and sedation, increased relaxation
and calmness in the post-coital period (Brody, 2006, Kriiger et al., 2002). Our data show that
these effects are mediated, at least in part, by an activated brain OT system. As OT was
shown to exert reinforcing and rewarding actions (Liberzon et al., 1997), the possibility
further exists that enforced and reinforced trust to the sexual partner also involves brain OT
(Kosfeld et al., 2005), although this is still highly speculative.

In summary, the central release of OT during close social interaction, such as suckling the
offspring in lactating mammals, or sexual activity in males, is likely to be involved not only
in the regulation of the associated particular social behaviours, but also in the beneficial
effects of these pro-social interactions. Positive effects such as anxiolysis, attenuated stress
responses, increased calmness and sedation (Carter et al., 2001, Heinrichs et al.,, 2003,
Neumann, 2002, Waldherr & Neumann, 2007) are likely to be rewarding and to further
promote social interactions (Neumann 2009).

2.3 Central OT and social cognition

Social interactions, especially long-lasting social bonds, require different forms of social
memory and social recognition. As shown in both male and female rodents social
recognition largely depends on an intact brain OT system (for review see Bielsky & Young,
2004)

Centrally applied OT facilitates social memory in a dose-dependent manner as shown in
male rats. In contrast, infusion of the OT receptor antagonist blocked this effect but was not
successful to impair their social memory per se (Benelli et al., 1995). Literatur on male mice
seems more straight forward. In male mice lacking the OT gene (Ferguson et al., 2000) or in
mice with deficient OT release (Jin et al., 2007) impaired social cognition and social memory
skills were found. Importantly, OT bilaterally infused into the amygdala was able to restore
the cognitive deficits seen in OT knockout mice, whereas OT receptor antagonist infusions
impaired social memory in male wildtype mice (Ferguson et al., 2001). Other regions
responsive to synthetic or endogenous OT in the context of social recognition are the lateral
septum (Popik et al., 1992), the olfactory bulb (Dluzen et al., 1998, Larrazolo-Lopez et al.,
2008), the medial preoptic area (Popik & van Ree, 1991), and the ventral hippocampus (van
Wimersma Greidanus & Maigret, 1996).

Also, in female rats brain OT seems to be important for social discrimination of two juvenile
rats (Engelmann et al., 1998). The medial amygdala (Choleris et al., 2007) and the olfactory
bulb (Larrazolo-Lopez et al., 2008) could be identified as sites of action using microdialysis
and local pharmacological blockade or downregulation of OT receptors.

OT seems to be an important factor in female social cognition in a more complex context
thus promoting long-lasting bonds such as mother-infant bonding or pair bonding. In
ewes, lamb recognition and bonding could clearly be related to the release of OT, for
example within the olfactory bulb, during birth and in response to suckling (Kendrick et
al., 1988, Lévy et al., 1995). Moreover, in the monogamous prairie vole, social recognition
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of the mate is a prerequisite for monogamous behaviour and the ability to form a selective
pair-bond. Similar to the offspring bonding in ewes, OT plays a critical role in pair-
bonding (see below) (Insel & Hulihan, 1995, Young & Wang, 2004). Thus, parturition- and
mating-induced stimulation of OT release within distinct brain regions seems to be a
promoting factor for social cognition and a requirement for the formation of lasting social
bonds.

In female OT knockout mice, the essential role of OT in social memory has also been
demonstrated in the context of the Bruce effect. The Bruce effect refers to the ability of a
female mouse to discriminate between her mate and a novel mate. Contact with a novel
male consequently leads to an interruption of pregnancy. OT knockout females failed to
remain pregnant, if re-exposed to either their mate or a novel male. Only females that were
allowed to remain with their mate maintained pregnancy (Wersinger et al., 2008). This
inability to distinguish between the mate and a novel male in females with deficits in the OT
systems further demonstrates the importance of OT in long-term social memory as well as
short-term social recognition especially in females.

2.4 Central OT and female pair-bonding

There is a large body of literature concerning the facilitating effects of the neuropeptides OT
and AVP in pair-bonding of monogamous voles (for review see Young & Wang, 2004).
Whereas AVP is well established to be involved in pair-bonding and partner preference in
male prarie voles, OT seems to play a major role in female pair-bonding (Cho et al., 1999,
Cushing & Carter, 2000). This was shown by the facilitating effect of centrally applied OT on
the development of partner preference even without prior mating (Williams et al., 1994),
and receptor binding studies demonstrated an increased OT receptor binding in the nucleus
accumbens and caudate putamen of female monogamous prairie voles compared with non-
monogamous vole species (Insel & Shapiro, 1992). The involvement of OT within several
brain regions in female pair-bonding was further demonstrated by blockade of mating-
induced female pair-bonding following infusion of an OT receptor antagonist into the
prefrontal cortex or the nucleus accumbens, but not in the caudate putamen (Young et al.,
2001). Recently, we succeeded in demonstrating OT release within the nucleus accumbens
during mating in female prarie voles (Ross et al., 2009). Such locally released OT was shown
to originate most likely within the hypothalamic SON and PVN. Consequently, activation of
magnocellular OT neurons during mating and OT secretion into blood may, simultaneously,
result in locally restricted release of OT from neuronal collaterals in dependence on gender
and species.

In this context, it is important to mention that the nucleus accumbens is part of the
mesolimbic dopamine reward system (Wise, 2002). As mating is a rewarding stimulus, and
was shown to induce pair-bonding in female voles, endogenous OT release triggered by
sexual stimuli may potentially mediate its facilitating effects on partner formation and pair-
bonding via these circuitries (Neumann, 2009, Wang & Aragona, 2004).

2.5 Central OT release during social stress

The OT system is highly responsive to all kind of stressors, both being non-social and social
in nature (Engelmann et al, 2004, Landgraf & Neumann, 2004, Neumann, 2007) For
example, exposure to forced swimming or to a larger and aggressive conspecifics during the
social defeat are both stimuli for OT release in selected brain target regions (Ebner et al.,
2000, Engelmann et al., 1999, Wigger & Neumann, 2002, Wotjak et al., 1998).
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Exposure of male rats to social defeat selectively stimulates OT release within the
hypothalamic SON (Engelmann et al., 1999) and the septal area (Ebner et al., 2000). In
contrast, OT secretion into blood remains unchanged in response to this social stressor
indicating independent release patterns into blood and within the brain.

Also, in virgin female rats, social defeat is a stimulus for the brain OT system and triggers
OT release within the hypothalamic PVN, but not the amygdala or the lateral septum (Bosch
et al., 2004). In females, social defeat can be achieved by exposure to a lactating dam in the
presence of her litter (Neumann et al., 2001). During lactation, dams are highly aggressive
protecting their offspring. Maternal defence behaviour is also stressful for the lactating dam
resulting in elevated stress responses and an increased release of OT within the PVN and
amygdala, especially in dams displaying highly aggressive behaviour (Bosch et al., 2005,
Neumann et al., 2001). Interestingly, the amount of OT locally released within these regions
was found to be directly correlated with the total amount of aggression displayed by the
dam during the maternal defence test (Bosch et al., 2005).

Thus, both in males and females, aversive social interactions as seen during social defeat
and maternal defence, respectively, are strong stimuli for the brain OT system. In lactation,
brain OT strongly promotes maternal aggression (Bosch et al., 2005), but we have to keep in
mind that maternal aggression is a defensive strategy important for the protection of the
offspring. The neurobiological mechanisms of maternal defensive aggression and intermale
aggression, for example, are almost completely independently regulated. However, to
which extend central OT regulates aggressive behaviour in males is rather unclear (Ebner et
al., 2000); so far, we could not reveal a clear effect of OT on aggression in male rats
(unpublished observation).

3. Behavioural effects of OT in humans

In humans, intranasal or intravenous application of OT was reported to improve a broad
variety of complex social behaviours (for reviews see Heinrichs et al., 2009, MacDonald &
MacDonald, 2010, Meyer-Lindenberg, 2008).

Specifically, intranasal OT increased trust in healthy men (Kosfeld et al., 2005) and even
prevented betrayal-triggered decrease in trust (Baumgartner et al., 2008). In this context, OT
increased ratings for trustworthiness and attractiveness of unfamiliar faces (Theodoridou et
al., 2009). Moreover, OT-treated subjects were significantly more generous than placebo-
treated men during a generosity game (Zak et al., 2007). In general, OT seems to improve the
interpretation of social cues (Domes et al., 2007b, Kosfeld et al., 2005), especially the
recognition of fear (Fischer-Shofty el al., 2010). . OT also facilitates the recognition of faces
(Rimmele et al., 2009) most effectively when they express positive emotion (Guastella et al.,
2008b, Savaskan et al., 2008). In the context of ASD associated with avoidance of eye contact
it is important to mention that OT promotes a gaze-shift towards the eye region of presented
faces (Guastella et al., 2008a) also independent of their valence as this normally occurs
during presentation of fearful faces (Gamer & Buchel, 2009). In the context of OT promoting
social bondings it is of interest to mention initial studies demonstrating that OT enhanced
attachment security (Buchheim et al., 2009)

On a more neurophysiological level, human functional imaging studies (fMRI) indicated
that OT reduces amygdala responses to threatening, non-social scenes and to angry and
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fearful faces (Kirsch et al., 2005). More specifically, it could be shown that OT promotes the
activity in amygdala regions involved in the processing of positive social stimuli (Gamer et
al.,, 2010), an effect that was shown to generalize to facial expressions, irrespective of their
valence (Domes et al., 2007a) .

These studies show that OT promontes trust and generosity, improves “mind-reading” and
facilitates the ability to recognize faces and facial expressions of social cues. Thus, there is
substantial evidence for complex behavioural effects of OT, as a result of acute intranasal
application, on social competence. These prosocial effects give hope for OT as a potential
treatment option under condition of social dysfunctions as seen in ASD.

4. Autism spectrum disorders - involvement of brain OT

Various animal and human studies strongly support the hypothesis of an involvement of
OT in complex social interactions, both under healthy and pathological conditions
associated with social dysfunctions. Therefore the following paragraph will summarize
human data concerning OT actions within the amygdala in the context of ASD.

4.1 Amygdala and autism

The amygdala as part of the limbic brain has been implicated in the neurobiology of autism
as seen from morphometric data (Dalton et al., 2007, Dalton et al., 2005, Dziobek et al., 2006).
The subnuclei of the amygdala are key areas regulating arousal and vigilance to emotionally
relevant stimuli (Davis & Whalen, 2001, Fitzgerald et al., 2006, Hsu et al., 2005, Yang et al.,
2002), and spontaneous social cognition by processing the rapid evaluation of social stimuli.
Thus, it is very likely that the amygdala is significantly involved in the processing of both
social as well as non-social, e.g. stressful and emotional stimuli, both being of high relevance
for the individual. However, the amygdala is also likely to be involved in complex
emotional and cognitive processes such as empathy and affiliation.

Various neurotransmitters and neuromodulators are involved in the neuronal processing
within the amygdala, among them the neuropeptides OT and AVP. OT receptors were
localized within the central and medial amygdala (Lukas et al., 2010, Tribollet et al., 1988),
OT is locally released (Bosch et al., 2005, Ebner et al., 2005) and exerts local neuronal effects
regulating the electrophysiological activity of central amygdala neurons (Huber et al., 2005).
In this way, OT might be involved in the complex regulation of social behaviour and
emotional responses to various social and stressful cues both under healthy and
pathological conditions also in humans.

4.2 OT system activity alterations and therapeutical implications in autism

Indeed, dysfunctions of the brain OT system have been intensively discussed to contribute
to the development of social deficits in autism (Carter, 2007, Hammock & Young, 2006,
Harony & Wagner, 2010). For example, plasma OT concentrations, although reflecting
central OT system activity only to a certain degree, were found to be attenuated in
individuals with ASD (Green et al., 2001, Lane, 2009). More and more studies indicate the
potential use of OT applied intravenously or intranasally in the treatment of ASD. Thus, OT
reduced repetitive behaviors in patients with Asperger or autism (Hollander et al., 2002) and
promoted prosocial behaviors in high-functioning autism (Andari et al., 2010). Moreover,
OT improved affective speech comprehension in adults (Hollander et al., 2007) and emotion
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recognition in youths with ASD (Guastella et al., 2010). Furthermore, OT was used as an
adjunct to exposure therapy (Guastella et al., 2009) and was shown to attenuate amygdala
reactivity to fear (Labuschagne et al., 2010) in social anxiety, another core symptom of ASD.
Association studies on several ethnic groups linked polymorphisms in the OT receptor gene
with ASD (Jacob et al., 2007, Lerer et al., 2007, Wu et al., 2005). Furthermore another study
was able to detect epigenetic modifications within the OT receptor promotor region of ASD
patients indicating altered levels of OT receptor expression (Gregory et al., 2009).

5. Conclusion

Our chapter summarizes our knowledge about different activity states of the brain OT
system in the context of varying social interactions. Increased OT system activity triggered
by social interactions is linked to high levels of OT release within distinct brain regions,
which, in turn, is involved in the promotion of these social interactions, as seen during
maternal and sexual behavior, pair-bonding or social memory functions. Moreover, high OT
activity and release of OT, for example within regions of the reward circuitry, further
promote social interactions as they are experienced as being rewarding. Indeed, a high
activity state of the OT system is associated with calmness, anxiolysis and attenuated stress
responsiveness, as seen during lactation and after sexual activity, further contributing to
feeling of wellness. In contrast, although experimental evidence is extremely limited, the
present data give support to the hypothesis that social dysfunctions are associated with lack
of brain OT system activation, either under basal conditions or in reposnse to social stimuli,
or both. Thus, appropriate brain OT system activation seems a prerequisite for healthy and
normal sociability. We also discuss that translation of these findings mainly from rodents to
human studies is possible. Effects of intranasal OT could be directly related to the
promotion of complex human social behaviors, also under conditions of disease like autism.
Consequently, targeting the brain OT system or application of synthetic OT to compensate
for deficits in endogenous OT system activity in combimnation with psychotherapy,
appears to be a promising treatment option promoting pro-social behaviors in humans
especially under pathological conditions of impaired sociability.
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1. Introduction

1.1 Diagnosis

Autism was first described by a child psychologist Leo Kanner as ‘inability to relate
themselves in the ordinary way to people and situations from the beginning of life” (Kanner,
1943). For many years autism was thought to be a consequence of bad parenting;
fortunately, in the late 60-ties it was shown that there was no difference in parenting style
between the parents of autistic and non-autistic children and a neurobiological basis of
autism was suggested (Rutter et al., 1967; Rutter, 1968). Nowadays, autism is classified
within the broad domain of pervasive developmental disorders (PDD) which also includes
Rett syndrome, childhood disintegrative disorder, Asperger syndrome, and PDD not
otherwise specified (American Psychiatric Association, 1994). There is a high phenotypic
heterogeneity within this class of disorders and the debate regarding their clinical
boundaries is ongoing. Instead of a classical categorical approach, a more useful description
of this group of disorders as "autistic spectrum disorders" (ASD), not including Rett
syndrome, has been proposed (reviewed in Willemsen-Swinkels & Buitelaar, 2002). ASD is
characterized behaviourally by impairments in three core domains: social interaction, verbal
and nonverbal communication, and restricted, repetitive, and stereotyped patterns of
behaviour, interests, and activities appearing before the age of three (American Psychiatric
Association, 1994). Clinical pattern and severity of impairment vary along these dimensions
from mild to severe including a complete absence of interest in interacting with others but
also subtle dysfunctions in managing social interactions, a complete absence of spoken
language but also mild impairment and idiosyncratic vocabulary or even hyper-linguism in
some of the Asperger cases, simple motor stereotypies and a preference for sameness but
also complex rituals accompanied by distress and aggression when they cannot be fulfilled.
The core symptoms are frequently accompanied by a spectrum of neurobehavioral
derangements, including: hyperactivity, aberrant sensitivity to sensory stimulation, reduced
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joint attention, and anxiety (Ayres & Tickle, 1980; Bodfish et al., 2000; Dawson et al., 2004;
Militerni et al., 2000; Muris et al., 1998; Pierce & Courchesne, 2001). Additional commonly
associated characteristics include large head circumference, mental retardation, seizures, self
injury, sleep disturbances, upset to change in routine, and lack of theory of mind (Baron-
Cohen et al.,, 1985; Dawson et al.,, 2002; Richler et al., 2007; Volkmar & Nelson, 1990;
Woodhouse et al., 1996). Similarly to core symptoms, intellectual capabilities also vary
across the entire IQ spectrum with the majority of autistic individuals displaying low 1Qs
(Charman et al.,, 2011) and the high functioning Asperger patients at the high end of the IQ
spectrum (Pring, 2005). Prevalence estimates suggest a rate of 0.1-0.2% for autism and 0.6%
for a broader autistic phenotype (Fombonne, 2009). Studies based on both clinical and
epidemiological samples find a higher incidence of autism in boys than in girls, with
reported ratios averaging around 4 to 1 (Newschaffer et al., 2007).

1.2 Intervention

The past 50 years have seen a myriad of interventions targeted at people with autism.
Attempts to develop drugs that specifically improve social and communicative functioning
have failed. However, medications such as atypical antipsychotics (e.g., risperidone,
olanzapine, ziprasidone, quetiapine, aripiprazole), psychostimulants (methylphenidate),
presynaptic noradrenergic blocking agents (clonidine and guanfacine) and serotonin
reuptake inhibitors (clomipramine, fluoxetine, sertraline) have been shown to reduce
symptoms of affective instability, irritability, hyperactivity and inattentiveness, aggression,
self-injury and stereotypies (reviewed by (Myers, 2007). Several reports have also suggested
efficacy of early intensive behavioural therapy in attenuation or reversal of the core autistic
symptoms (Lovaas, 1987; Ozonoff & Cathcart, 1998). The gains of the behavioural therapy
appear to sustain over time (McEachin et al., 1993).

1.3 Pathology

Pathological studies have revealed an association between autistic symptoms and certain
pathological changes in brain structure and cellularity (reviewed in (Bauman & Kemper,
2005). Postmortem autopsy of autistic brains revealed alterations in neuronal anatomy
within frontal (Bailey et al., 1998), temporal (Bachevalier, 1994), parietal (Courchesne et al.,
1993), limbic (Bauman, 1991), brainstem and cerebellar (Kemper & Bauman, 1998) regions.
The few cross-sectional studies that examined age-related changes revealed a complex
pattern of growth abnormalities in the cerebellum, cortex, amygdala, and hippocampus
(Courchesne, 2004; Hashimoto et al., 1995; Schumann et al., 2004; Schumann et al., 2010). It
has been suggested that early dysfunction of the amygdala and frontal cortex might be the
substrate for the severe socio-emotional deficits seen in autism (Bachevalier, 1994; Baron-
Cohen et al., 2000). However, the most consistent findings have been found in the
cerebellum: marked reduction in Purkinje cell number in the cerebellar hemispheres, a
reduction in granule cell numbers, and decreased size of the deep cerebellar nuclei. The
globose and emboliform nuclei were most severely affected, while the dentate nucleus was
spared. The abnormalities noted in the deep nuclei were age dependent: younger
individuals had large cells in the deep nuclei relative to controls, but in older cases the cell
were reduced in size (Courchesne, 2004; Fatemi et al., 2002). Loss of Purkinje cells may play
an important role in the aetiopathogenesis of the disorder (Kern, 2003).
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1.4 Neurotransmitter systems

Many neurotransmitters have been implicated in aberrations observed in autism including
serotonin (5-HT), dopamine, norepinephrine, acetylcholine (Ach), glutamate, gamma-
aminobutyric acid (GABA), endogenous opiods, oxytocin, and cortisol (reviewed in Lam et
al., 2006). The most consistent finding was hyperserotoninemia. Serotonin blood levels are
highly elevated in a significant number of autistic children (Betancur et al., 2002; Singh et al.,
1997). Direct in vivo measurements using positron emission tomography demonstrated
asymmetries of 5-HT synthesis in the frontal cortex, thalamus and cerebellum in autistic
boys (Chugani et al., 1997). Also, while 5-HT synthesis is usually high in young children and
then gradually declines, in autistic children 5-HT levels are persistently high (Chugani et al.,
1999). Because metabolism, catabolism and transport mechanisms for 5-HT do not seem to
be affected in autism (Cook & Leventhal, 1996; Persico et al., 2002), it has been suggested
that the elevated 5-HT level is a consequence of excessive stimulation of synthesis and
release. While it is tempting to view this elevated 5-HT level as a fundamental cause of
ASDs, treatments that increase 5-HT levels seem to improve some symptoms of autism, such
as perseverations and social relatedness (Fatemi et al., 1998), while depletion of tryptophan,
a serotonin precursor, exacerbate autistic symptoms especially stereotypies, self-injury and
anxiety (McDougle et al., 1996). The role of 5-HT in ASDs therefore remains unclear.

1.5 Genetic background

The aetiology of autism is not known but it has a strong genetic component revealed by up
to 60% concordance between monozygotic twins and almost 90% heritability (Wassink et al.,
2004). Sibling risk is around 2-7%, which is much higher than in the general population
(0.01-0.08%) (Orsmond & Seltzer, 2007). This might suggest that autism may lay at the
extreme of a continuum of some autistic traits. In line with such an assumption, relatives of
individuals with autism show a plethora of mild autistic traits, including personality, social-
behavioural and language aberrations (Bolton et al., 1998; Piven et al., 1997). Despite its high
heritability, only approximately 10% of autism cases can be traced to a known genetic
aberration (Barton & Volkmar, 1998). Several large linkage analyses have identified genome
regions of significant linkage for autism harbouring multiple candidate genes, suggesting a
complex multigenic cause of this disorder, which might involve anything from 2 to a dozen
genes with complex gene-gene and/or gene-environment interactions (Persico &
Bourgeron, 2006). Genetic studies have suggested several molecular pathways with the
potential to disrupt neurodevelopmental trajectories in utero that might be involved in the
pathogenesis of autism, including signalling molecules such as neurotrophin, Reelin, and
hepatocyte growth factor, and synaptic proteins such as neurexin and neuroligin (reviewed
in Pardo & Eberhart, 2007). Despite considerable effort, these underlying risk alleles have
been remarkably elusive, with the exception of a few large effect genes and several single
gene disorders associated with an increased risk for autism (Freitag, 2007). The obstacles
encountered in mapping the risk alleles have led to new models of inheritance including
contributions of de novo mutations and/or epigenetic mechanisms in the underlying genetic
susceptibility to autism (Persico & Bourgeron, 2006).

1.5.1 Epigenetic factors in autism
Epigenetics refers to the reversible regulation of various genomic functions mediated
through partially stable modifications of DNA and chromatin histones (Henikoff & Matzke,
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1997). Epigenetic processes are essential for normal cellular development and
differentiation, and allow the regulation of gene function through non-mutagenic
mechanisms. Systems that initiate and sustain the epigenetic state of DNA, and hence an
epigenotype, include histone modifications, RNA- associated silencing, and DNA
methylation (Petronis, 2010). Involvement of epigenetic factors in autism spectrum disorders
is demonstrated by the central role of epigenetic mechanisms in the pathogenesis of Rett
syndrome and fragile X syndrome (FXS), single gene disorders commonly associated with
autism (Hagerman, 2006; Samaco et al., 2005). Rett syndrome arises from mutation in the
gene encoding the methyl-CpG-binding protein 2 (MeCP2), one of the key mediators of
epigenetic regulation of gene expression (Amir et al., 1999). FXS arises through silencing of
FMRI1 (fragile X mental retardation 1) gene (Hagerman et al., 2005). Importantly, brain
tissues from patients with autism have reduced expression of MeCP2 (Samaco et al., 2005)
and about 5% of patients with autism have duplications of the imprinted region of
chromosome 15q11-q13 (Cook, Jr. et al., 1997). Additionally, autism has been observed in
conjunction with an incidence of prenatal exposure to the histone deacetylase inhibitor,
valproic acid (Rasalam et al., 2005). Children with autism have also a lower level of
methylation intermediates in their plasma, possibly causing an impaired methylation
capacity (James et al., 2004). A possible role of epigenetic factors in autism might be one of
the reasons for the problems encountered in mapping risk alleles for autism; disruption of
gene expression via epigenetic mechanisms is not reflected in the primary nucleotide
sequence and may evade detection by standard mapping strategies. The epigenome is most
vulnerable to the effect of environmental factors during embryogenesis when the rate of
DNA synthesis is high and the epigenetic marks needed for normal tissue differentiation
and development are being established (Dolinoy, 2007). Therefore, epigenetic adaptations in
response to in utero environmental exposure may play an important role in development
and disease susceptibility after birth (Dolinoy et al., 2007; Persico & Bourgeron, 2006). Indeed,
evidence has accumulated that exposure to toxic substances during early embryogenesis
and/or very soon after birth can trigger the onset of autism (Arndt et al., 2005).

2. Environmental risk factors for autism

Converging lines of evidence suggest that autism spectrum disorders (ASDs) have their
origins in early prenatal life (for in depth reviews see Arndt et al., 2005; Miller et al., 2005).
This assumption is based on reports showing that (1) many of minor malformations that
occur frequently in people with autism as well as anomalies reported from histological
studies of the autistic brains are known to arise during embryogenesis; (2) congenital
syndromes with high rates of autism include somatic aberrations originating in the first
trimester; (3) the environmental factors known to increase the risk of autism have critical
periods of action in the first 3 months of pregnancy. In this section we will present evidence
showing that the first trimester is a critical time point for environmental/drug insults
triggering autism.

2.1 Onset of symptoms vs. time of exposure to insults

Autism spectrum disorders are commonly diagnosed at the age of two or three when
typically developing children become increasingly social and communicative; however,
most, if not all, children who will be diagnosed with autism show symptoms long before
that age. This was first noticed in the late 70ties by Ornitz and colleagues (1977). Using
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parental questionnaires they showed that children who were later diagnosed with autism
exhibited developmental delays even during the first year of life. This was confirmed by
studies using home videos from the first two years of life of children later diagnosed with
psychoses. Video recordings from children’s natural environment showed fewer age
appropriate behaviours in this group (Rosenthal et al., 1980) especially aberrant social
attention (e.g., looking at people) and social behaviour (e.g., smiling at people and
vocalizing to people), while most measures related to objects (e.g., looking at objects and
smiling at objects) did not differ from control subjects in the first six months of life (Maestro
et al., 2001). Better controlled studies of movies from the first birthday parties showed that
most children later diagnosed with autism can be distinguished from controls at one year of
age by such anomalies as failure to point to objects and failure to respond to their name
(Osterling & Dawson, 1994). These results were confirmed by more recent studies (e.g.,
(Zwaigenbaum et al., 2005). Even at the biochemical level neonates who would later be
diagnosed with either autism or mental retardation were distinguished by increased blood
concentrations of neuron-related products: vasoactive intestinal peptide (VIP), calcitonin
gene-related peptide (CGRP), brain-derived neurotrophic factor (BDNF) and neurotrophin
4/5 (NT4/5) (Nelson et al., 2001; Nelson et al., 2006). The two clinical groups did not differ
from each other. These results clearly suggest that children with autism are already different
from typically developing children at the time of birth.

2.2 Evidence for early injury in autism

2.2.1 Dysmorphic features

Dysmorphic facial features and increased occipitofrontal circumference reported in most
cases of idiopathic autism (not co-morbid with the known genetic disorder) can not be
induced postnatally, and most of the reported minor anomalies must have originated from
the first eight weeks post-conception (e.g., (Miles & Hillman, 2000; Rodier et al., 1997a;
Walker, 1977). For example, Rodier and colleagues (1997a) described minor physical
malformations linked to autism in a population in Nova Scotia, Canada. Posterior rotation
of the external ears was the most characteristic feature of children with autism compared to
their unaffected siblings and non-autistic children with developmental delay. Importantly,
these types of ear abnormalities have also been found in children with autism following
exposure to thalidomide or valproic acid (Miller et al., 1998; Moore et al., 2000; Stromland et
al., 1994). Dysmorphic features observed in idiopathic autism are strongly correlated with
the extend of brain abnormalities revealed by imaging techniques and with increased male
to female ratio (Miles et al., 2005; Miles & Hillman, 2000). Although, all of the physical
anomalies reported in autism are also seen in children with other developmental disabilities,
and in the population of typically-developing children, they might be useful in specifying
critical periods for neurodevelopmental injuries in autism.

2.2.2 Neuroanatomical abnormalities

There are several neuroanatomical and histological arguments in favour of very early
alterations of development as part of the aetiology of ASDs. For example, autopsies reported
by Bailey and colleagues (1998) showed extra tracts running through the pontine
tegmentum in one of the autistic brains studied and two brains with smaller and not fully
separated pyramidal tracts. Because the basic tracts of the neuroaxis are established before
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parturition, the described anomalies were clearly of prenatal origins. Further, histological
studies of one of the most consistent findings in pathology of autism, a marked reduction in
Purkinje cell number in the cerebellar hemispheres, showed that the lose of these cells must
have taken place during first weeks of neurodevelopment: (1) Purkinje cells body are
normally wrapped by neighbouring basket cells and the late loss of Purkinje cells is
characterized by the presence of “empty baskets”, which were not observed in autistic
brains (Bailey et al., 1998); (2) if reduction in Purkinje cell numbers appears after the 30th
week in utero this results in massive retrograde loss of neurons in the inferior olive (Sakai et
al., 1994; Takashima, 1982); while abnormalities of the inferior olive have been reported in
autistic brains (Bailey et al., 1998; Bauman & Kemper, 1985), the nucleus is not affected to
the extend that would be expect if cells were degenerating in response to a late loss of
Purkinje cells. Similarly, a brain from a patient with autism, studied by Rodier and
colleagues (1996), had a massive reduction in the number of motor neurons in the facial
nucleus (400 vs. 9000). In the normal brain used for comparison, this nucleus was outlined
by a capsule created by passing fibres, but in the brain of autistic patient no capsule was
present, which suggest that the neurons forming the facial nucleus were not in position
when passing fibres made their tracts. If the facial neurons had been lost in late gestation or
postnatal life, the capsule would still be there. Thus, again the obvious conclusion is that the
nucleus failed to form early during neurodevelopment. Each of these findings supports the
conclusion that the neuroanatomy of people with autism is altered in a very early gestation.

2.2.3 Syndromes with high rates of autism

There are several congenital conditions originating from disruption of very early
development with highly increased rate of autism including (1) Moebius sequence (Briegel
et al., 2009); (2) the CHARGE association (Hartshorne et al., 2005); (3) Goldenhar syndrome
(Johansson et al., 2007); (4) Duane syndrome (Miller et al.,, 2009); (5) Joubert syndrome
(Ozonoff et al., 1999); (6) Cornelia de Lange syndrome (Moss et al., 2008); and (7) Smith-
Limli-Opitz syndrome (Sikora et al., 2006). These syndromes are different in many ways,
but they all involve abnormal development in the embryonic period. For example, (1)
Mobius syndrome involve a variety of functional anomalies linked to congenital aberrations
of the sixth and seventh cranial nerve, limb defects, and craniofacial anomalies involving the
tongue and lip; (2) the CHARGE association is characterized by a co-occurrence of
congenital malformations including colobomas, heart defects, choanal atresia, retarded
growth or development, genital anomalies, and ear abnormalities and/or hearing loss; (3)
Goldenhar syndrome is a combination of epibulbar dermoids, lipodermoids, and
preauricular skin tags and fistula, upper lid coloboma, facial, and vertebral anomalies; (4)
Duane syndrome is characterized by absent or hypoplastic abducens nucleus and nerve, and
innervation of the lateral rectus eye muscle by a branch of the oculomotor nerve; (5) Joubert
syndrome is an extremely rare recessively inherited disorder characterized by breathing
difficulties, hypotonia, ataxia, eye movement anomalies, failure of development of the
cerebellar vermis and the cranial nerve motor nuclei, and failure of the superior cerebellar
peduncles to cross; (6) the phenotype of Cornelia de Lange syndrome includes epicanthal
folds, ptosis, broad nasal bridge, short nose, long upper lip, micrognathia, anomalies of the
limbs, heart, and gastrointestinal tract, and growth reduction; (7) Smith-Limli-Opitz
syndrome (SLOS) is characterised by facial features including a broad, high forehead,
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hypertelorism, ptosis, epicanthal folds, broad nasal bridge, short nose with reverted nares, and
micrognathia, low set and small ears, sometimes cleft palate, syndactyly, and genital
anomalies. The dysplasias of the brain stem nuclei and cerebellar vermis observed in these
syndromes suggest that their neurodevelopment have been disturbed in the fourth or fifth
week postconception, when those structures are forming. Autism has been reported in a very
high rate in all these syndromes, 25-68% for full autism and 50-100% for autistic features
(Johansson et al., 2010; Moss et al., 2008; Ozonoff et al., 1999; Sikora et al., 2006). Why autism
exists in a significant number in these syndromes is still a mystery and we do not know how
early-onset insult affecting multiple brainstem structures can lead to malfunction of the higher
centres not yet formed at the time of initial injury and most commonly linked to autism.

2.2.4 Critical period of exposure to teratogens increasing the risk of autism

A number of teratogenic substances have been identified in epidemiological studies as the
key triggers of autism including maternal rubella infection (Chess, 1971), ethanol (Nanson,
1992), misoprostol (Bandim et al., 2003), thalidomide (Stromland et al., 1994), and valproic
acid (Moore et al., 2000; Rasalam et al., 2005). The critical period for exposure to these
teratogens appears to be during the first trimester.

2.2.4.1 Thalidomide exposure

A study of patients in the Swedish thalidomide registry revealed that about 30% of children
exposed to thalidomide on the 20-24th day of gestation became autistic, which was 250
times the rate in the general population at this time (Stromland et al., 1994). The original aim
of this study was to describe the ocular motility dysfunctions (strabismus) and other eye
anomalies or visual disturbances in thalidomide victims, but this was fortunately
accompanied by psychiatric evaluation. The neurological abnormalities observed in the five
thalidomide-autistic cases included the following: three had Duane syndrome (failure of the
abducens cranial nerve to innervate the lateral rectus muscle by the eye with subsequent re-
innervation of the muscle by the oculomotor cranial nerve); one patient had face paresis
(oculomotor palsy); four had Mobius syndrome (failure of the facial cranial nerve to
innervate the facial muscles); two had abnormal lacrimation (due to a failure of the neurons
of the superior salivatory nucleus to innervate the lacrimal apparatus). All five patients had
ear malformations and hearing deficits. Importantly, ear malformations (Walker, 1977), eye
motility problems (Scharre & Creedon, 1992), and Mbobius syndrome (Gillberg &
Steffenburg, 1989) had previously been associated with autism. In fact, external ear
malformations are the most common physical abnormality observed in autism and the ones
which best distinguish between autism and mental retardation (Rodier et al., 1997a; Walker,
1977). What makes the thalidomide cases so informative is that the external signs of
thalidomide teratogeny allow accurate dating of the stages of development when exposure
to the teratogen took place (Miller, 1991). On the bases of that timetable of teratogenic effects
of thalidomide it was concluded that the ophthalmologic and cranial nerve dysfunction
involving ocular structures observed in thalidomide-autistic cases occurred from teratogen
intake during the 4th week post-conception (Stromland et al., 1994); i.e., at the time of neural
tube closure and development of the first neurons, which form the motor nuclei of the
cranial nerves (Altman & Bayer, 1982). That was the first study related to autism in which
we had a known cause, a set of physical, neurological, and psychiatric autistic symptoms,
and identified stage of development when the triggering insult occurred.
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Fig. 1. Timing for teratogenic effects of thalidomide in humans (Lenz & Knapp, 1962; Miller,
1991).

2.2.4.2 Valproic acid

An antiepileptic drug increasing the risk for autism, valproic acid (Moore et al., 2000;
Rasalam et al., 2005), is typically taken throughout the entire pregnancy, thus the timing for
its teratogenic effect cannot be estimated directly. However, the timing of injury to the
developing nervous system can be estimated from accompanying somatic features in
exposed children. Children prenatally exposed to VPA exhibit similar patterns of physical
malformations as those exposed to thalidomide, but with a decreased severity of symptoms
(Ardinger et al.,, 1988; DilLiberti et al., 1984; Kozma, 2001). These include dysmorphic
features indicative of injury around the time of neural tube closure, e.g., neural tube defects,
congenital heart disease, craniofacial abnormalities, and abnormally shaped or posteriorly
rotated ears, which are common in idiopathic autism (e.g., (Miles & Hillman, 2000; Rodier et
al., 1997a) and were also reported in thalidomide-autism cases with the known exposure
time to teratogen during the 4th week postconception. Based on this pattern of abnormalities
we can estimate that VPA and thalidomide injured the developing nervous system at a
similar time during embryogenesis.

2.2.4.3 Misoprostol

Misoprostol (Cytotec®), a prostaglandin type E analogue, was used as a self-administered
abortion drug, especially in Brazil. Misoprostol is typically used in the first trimester of
pregnancy. Self-induced, but failed abortions lead to several cases of infants born with
malformations involving limbs and cranial nerves (Gonzalez et al., 1998; Shepard, 1995). In
some of these cases, the children had Mobius syndrome (Shepard, 1995) and a rate of autism
was highly increased in this population (Bandim et al., 2003).

2.2.4.4 Rubella

Epidemiological studies showed an increased risk for autism after rubella infection and
noted that all the children in rubella-induced autism had multiple symptoms of rubella
injury (Chess, 1977; Chess et al., 1978). Previous studies found that cases with multiple
symptoms after rubella exposure came mainly from mothers exposed within the first eight
weeks postconception, with mothers of children suffering from severe mental retardation
showing an onset of rash even earlier at the 2nd to 5th week postconception (Ueda et al.,
1979). This suggests that exposure to rubella virus in autistic cases took place during the first
weeks of development.

The coincidence of critical periods for the described environmental risk factors for autism is
a strong evidence that autism arises very early in development; however, the fact that each
of these teratogens appears to act during the embryonic period (the first eight weeks of life)
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does not obviously rule out the possibility that autism could be initiated at other stages of
development. Again, we do not know how early-onset insults affecting multiple brainstem
structures can lead to malfunction of the higher centres not yet formed at the time of initial
injury and most commonly linked to autism. It might be that a group of unidentified
progenitor cells for higher brain centres get injured during early insults or that failure of
axonal guidance under conditions in which important landmarks are absent or misplaced in
the lower brain structures disturb normal development of higher brain centres. These are
hypothesis that might be studied in animal models.

3. Animal models of autism

Because the primary diagnostic criteria of autism are abnormal behaviours, rather than
biochemical or neuroanatomical factors, the use of animal models in the study of autism is
unavoidable, as this is the only way to study behavioural defects in context of a whole
organism. Rodent models in particular allow an extensive multi-omics approach to autism
with a spectrum of non-invasive and invasive approaches at the genetic, molecular, cellular,
synaptic, and behavioural levels. Currently used animal models of autism can be classified
into three categories: (1) models created by neonatal lesions of brain areas shown to be
abnormal in autism, e.g., cerebellum, the amygdala, hippocampus, or the medial prefrontal
cortex; (2) genetically modified animals, e.g., targeted mutations in genes associated with
autism or localized in chromosomal regions identified by linkage analyses; and (3) models
mimicking environmental factors that increase the risk for autism in humans, e.g., prenatal
exposure to valproic acid (VPA, 2-propyl-pentanoic acid) or pre- and neonatal immunological
challenges. The first two approaches were extensively reviewed elsewhere (Ey et al., 2011; Moy
& Nadler, 2008; Tordjman et al., 2007). In the present chapter we will focus on two animal
models of autism induced by environmental factors: neonatal exposure to Borna disease virus
and prenatal exposure to valproic acid. We will use these model to show and explain how
human data can inform creation of animal models of autism and how animal model can be
used to extend our understanding of autism and potentially lead to new therapeutic
interventions for this still incurable disorder; but first a short introduction to in vivo modelling.

3.1 Concepts for in vivo modelling

There is an ongoing discussion about the criteria to be used in the evaluation of animal
models. It has been suggested that the only meaningful initial evaluating criterion for an
animal model is its ability to lead to accurate predictions about the disorder in question
(predictive validity). Other authors stressed that the demonstration of construct validity
(similarity to the underlying causes of the disease) represents the most important and
necessary component in validation of an animal model. Others claim that the modelling of
symptoms (face validity) must remain the primary goal of animal models of psychiatric
disorders (for review see Fernando & Robbins, 2011). The resolution of this puzzling
controversy depends on the desired purpose of the model that one wishes to validate.
Although, regarding complex psychiatric disorders such as autism, a multidimensional
approach should be used as an optimal strategy.

3.2 Challenges for animal models of autism
In recent years, several rodent models of autism have been developed that reflect some
behavioural, genetic, and neuroanatomical alterations associated with this disorder. One of
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the main problems for the development of a relevant model is to define markers of autism,
addressing its complexity and diversity. An ideal rodent model of autism should display
symptoms of aberrant social interaction and communication, as well as repetitive
behaviours. Tasks that could examine these behavioural symptoms in rodents have been
already developed (for reviews see Crawley, 2004; Crawley, 2007) and are summarized in
Table 1. However, an animal model of autism based solely on behavioural assays would be
incomplete. Animal model should also address a combination of the neuropathological,
biochemical and genetic factors implicated in autism. Another challenge lies in the fact that
many clinical hallmarks of autism are difficult or almost impossible to replicate in rodents,
e.g., theory of mind (ability to intuit the feelings and intentions of others) or speech deficits.
It is also important to realize that assumed ““core” psychopathological phenomena observed
in autism are present as common clinical features in schizophrenia, depression, obsessive-
compulsive disorder and other medical and psychiatric illnesses. What is specific for autism
is a pattern of socio-behavioural aberrations and their appearance before the age of three,
and animal models should try to address this fact.

3.3 Behavioural tests for autistic-like aberrations in rodents

Impairment in social interaction is a critical component for animal models of autism.
Rodents are highly social animals displaying a plethora of different social behaviours. The
propensity of animals to spend time with conspecific rather than non-social novel objects
can be used as one of the measures. This can be best done in an automated three-chambered
apparatus in which social interactions, social recognition, and social memory can also be
scored (Moy et al., 2004; Nadler et al., 2004). Measures of the level of social approach can be
accompanied by more specific analyses of reciprocal social interactions, including, nose-to-
nose contacts, anogenital inspections, aggression, escape behaviour, nesting patterns,
juvenile rough and tumble play, etc. (Moy et al., 2008; Moy et al., 2009). Impairments in
social communication may be measured in rodents using olfactory and auditory
communication tasks. Different kinds of ultrasonic vocalizations can be elicited in rodents,
starting from separation calls in pups isolated from their mothers, to frequency modulated
vocalizations in social situations in adult animals, treated, at least in rats, as indicators of
positive and negative affective states (Portfors, 2007; Scattoni et al., 2009). Both frequency
and time structures of ultrasonic vocalizations can be analyzed. Olfactory social signals,
including deposition of pheromones, are another form of rodent communication (Arakawa
et al., 2008). Rodents’ chemical signals play a particularly important role in determining
social dominance and intersexual relationships. Finally, repetitive behaviour encompasses
both motor stereotypy and self-injury, can be scored using standardized scales, and
behaviours reflecting general cognitive rigidity, such as ability to change, resistance to
change, and responses to the change in routine can be investigated by exploratory choices
and reversal tasks using spatially contingent reinforcers, e.g., reversal learning in T-maze or
water maze (Crawley, 2004; Silverman et al., 2010). Because autism is accompanied by a
plethora of neurobehavioral aberrations, it is important to include a range of additional
behavioural tasks assessing, e.g., anxiety, seizure susceptibility, sleep patterns, sensitivity to
sensory stimuli, learning and memory, and maturation and development. Finally, both
pathological features of autism (e.g., decreased number of Purkinje neurons) and biological
findings (e.g., increased serotonin levels) should be addressed.
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Tests analogous to core autistic symptoms

Tests analogues to associated symptoms

Impairment in social interactions
reciprocal social interactions (partner
grooming, nose-to-nose contacts,
anogenital inspections, aggression,
escape behaviour, juvenile rough and
tumble play etc.)

e  propensity to spend time with
conspecific vs. novel objects

e conditioned place preference to
conspecifics

e  preference for social novelty

e aggression (resident-intruder test)

e  social recognition

e nesting patterns in the home cage

Impairments in social communication
e  behavioural responses to social
olfactory cues from conspecifics
e deposition of social olfactory

pheromones

e  vocalizations emitted during social
interactions

e responses to vocalizations from
conspecifics

e  parental retrieval of separated pups
e  ultrasonic vocalizations by separated

pups

3. Repetitive, stereotyped patterns of behavior,
interests, and activities

e motor stereotypies

e extinction of a learned response in an
operant chamber

e reversal of a position habit in an
appetitive T-maze task, aversive Y-
maze task or the Morris water maze

e  spontaneous responses to errors during
reversal tasks

1. Anxiety

elevated plus maze; light-dark box
exploration; Vogel conflict licking test;
marble burying;

2. Theory of Mind deficits

location of buried food following
observation of conspecifics; social
transmission of food preference; avoidance
of aggressive encounters;

3.  Mental retardation

acquisition of Morris water maze task;
acquisition of T-maze tasks; contextual and
cued fear conditioning; operant learning
tasks; attentional measures in the five choice
serial reaction time task;

4.  Seizure susceptibility

spontaneous seizure activity; sensitivity to
audiogenic seizures; sensitivity to drug-
induced seizures;

5. Motor clumsiness
balance beam foot slips; rotarod motor
coordination and balance; gait analysis;

6. Sleep disturbances

circadian running wheels; videotaped
observations of home cage sleep and activity
patterns;

7. Idiosyncratic responses to sensory stimuli
acoustic startle; tactile startle; hot plate; Von
Frey filaments; unresponsiveness to sensory
attentional cues (failure to disengage
attention); discriminative eyeblink
conditioning and reversal;

8.  Developmental milestones and progression
brain weight and volume; size of structures
and pathways; repeated testing of all relevant
behaviours at juvenile and adult ages;

Table 1. Rodent Behavioural Tasks Relevant to Autism
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3.4. Models created by environmental and immune factors

3.4.1 Neonatal Borna Disease Virus (BDV) infection in rat

Disturbed functioning of the immune system, especially pre- and/or neonatal
immunological challenge has been long implicated in the pathogenesis of autism (Chess,
1977; Singh et al., 1991; Warren et al., 1986, Warren et al., 1990; Warren et al., 1996). The best
characterized model of autism utilizing this approach is induced by neonatal Borna disease
virus (BDV) infection in rat (Pletnikov et al., 2002a). Borna disease virus, an atypical,
neurotropic, noncytolytic, negative strand RNA virus, shows affinity for limbic and
cerebellar circuitry (de la Torre et al., 1990; de la Torre, 2002). Infection causes a spectrum of
behavioural deficits depending on the age, immune status, central nervous system maturity,
and genetics of the host (de la Torre, 2002; Pletnikov et al., 2001). Intracranial injection of the
BDV in a newborn rat pup within the first 24-48 h after birth is the most common way of
inducing neonatal BDV infection in rats (Pletnikov et al., 2002a). Neonatally infected Lewis
rats have only transient inflammation (Hornig et al., 1999) but nonetheless have
abnormalities of hippocampal and cerebellar development (Hornig et al., 1999; Pletnikov et
al., 2003), growth (Bautista et al., 1994), spatial and aversive learning (Rubin et al., 1999),
locomotor activity (Hornig et al., 1999), emotional reactivity (Hornig et al., 1999; Pletnikov et
al., 1999a), and play behaviour (Pletnikov et al., 1999b), although duration of non-play social
investigation (e.g. sniffing, approach, and follow) was higher in BDV-infected rats
(Pletnikov et al.,, 1999b). These abnormalities mimic the impaired social interaction and
atypical responses to sensory and emotional stimuli characteristic in autism. Injury to the
cerebellum is one of the most salient morphological features of neonatal infection. BDV
infection induces a prominent loss of Purkinje cells during the first seven months of life (up
tp 75%). A loss of Purkinje cells and their dendrites in the molecular layer might be
responsible for markedly reduced cerebellum size in this model (Pletnikov et al., 2003). In
addition to injury of the cerebellum, neonatal BDV infection affects the postnatal maturation
of the hippocampus and leads to continuing loss and eventual complete disappearance of
dentate gyrus neurons by 45-55 postnatal days and their replacement by reactive glial cells
(Gonzalez-Dunia et al., 2000; Pletnikov et al., 2002b). Neonatal BDV infection also induces
cortical shrinkage. It has been shown that up to 30% of cortical neurons are lost in BDV
infected rats by postnatal day 45 (Pletnikov et al., 2002b). At the cellular level diminished
immunoreactivity for GAP-43 and synaptophysin is observed both in the neocortex and the
hippocampus of neonatally BDV-infected rats (Gonzalez-Dunia et al., 2000). This model
bears obvious similarities to behavioural and anatomical aberrations observed in autism;
however, there is little serological evidence that suggests BDV infects humans (Chalmers et
al., 2005), and its role in psychiatric disorders remains controversial. The disadvantage of
infection models is that they lead to a persistent infection of the brain precluding more
precise characterization of the time course and structural specificity of the created neuronal
aberrations.

3.4.2 Animal model of autism induced by prenatal exposure to valproic acid
3.4.2.1 VPA exposure in humans

Clinically, VPA was first introduced in the 60-ties as an anticonvulsant and mood-stabilizing
drug. Currently VPA (Depakene, Valproate, Valrelease) is used for treatment of epilepsy,
bipolar disorder, and migraine prophylaxis (Rosenberg, 2007). Although there is clear
evidence for teratogenic effects of VPA (Jentink et al., 2010), it is still used during pregnancy
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when the benefits to the mother outweigh the risks to the embryo or foetus (category “D”
classification by the FDA). These include situations where the mother’s health would be at
risk without taking the drug and for which safer drugs are not available.

3.4.2.2 Studies implicating VPA in autism

Many children exposed in utero to VPA exhibit fetal valproate syndrome (FVS), a syndrome
characterized by a constellation of malformations, developmental delays and behavioural
aberrations (Ardinger et al.,, 1988; DiLiberti et al., 1984; Kozma, 2001). Common facial
features of FVS include epicanthal folds, broad nasal bridge, short nose with inverted
nostrils, long upper lip, and low set, posteriorly rotated ears. The link between prenatal VPA
exposure and autism was based on seven case studies of children with FVS diagnosed with
autism (Christianson et al., 1994; Williams et al., 2001; Williams & Hersh, 1997). The first
population study on 57 children with fetal anticonvulsant syndromes (a syndrome caused
by a variety of anticonvulsant drugs) conducted by Moore and colleagues (2000) showed
highly increased prevalence of autistic symptoms in this group of children. The children
were exposed to either VPA alone (60%), VPA in combination with another anticonvulsant
drug (21%), or to non-VPA anticonvulsant drugs (19%). Moore reported 46 (81%) kids with
speech delays and 34 (60%) kids with two or more autistic features, of which 6 (11%) had a
diagnosis of ASD. Furthermore, 46 (81%) had behavioural problems, 22 (39%) displayed
hyper-activity and poor concentration, of which 4 (7%) had a diagnosis of attention
deficit/hyper-activity disorder. Forty-four (77%) kids had learning difficulties, 34 (60%) had
gross motor delay, and 24 (42%) had minor motor delay. A more recent long-term study of
the effects of prenatal exposure to antiepileptic drugs in 260 children (122 males, 138
females) showed a very similar pattern of behavioural aberration: 26 (16 males) children
were reported by parents to have social or behavioural difficulties, 11 children (6 males, 5
females) fulfilled the DSM-IV criteria for autistic disorder and one (female) fulfilled the
DSM-IV criteria for ASDs (Rasalam et al., 2005). These children comprised 4.6% of the
exposed group studied, and 1.9% of all exposed children born during the study period.
Other children from this group (26 in total) had difficulties in areas of speech and language
development and social communication but did not meet the criteria for autism spectrum
disorders. Sodium valproate was the drug most commonly associated with ASDs, five of 56
(8.9%) children exposed to sodium valproate alone had either autistic disorder or ASDs.
Thus, the rate of autism in humans prenatally exposed to VPA is much higher than in the
general population (approximately 0.1-0.16%, (Fombonne, 2005).

3.4.2.3 Valproic acid mechanisms of action

The mechanism of action of valproic acid is not fully understood. Effects of the drug may be
related, at least in part, to increased brain concentrations of the inhibitory neurotransmitter
GABA. Animal studies have shown that valproic acid inhibits GABA transferase and
succinic aldehyde dehydrogenase, enzymes which are important for GABA catabolism
(Johannessen, 2000); however, current hypotheses for the mechanism for VPA action are
mostly focused on its epigenetic properties. VPA is an inhibitor of histone deacetylases
(HDACGs) (Gottlicher, 2004; Phiel et al., 2001) and its teratogenic effects are mediated
specifically by inhibition of HDACs (Gurvivh et al., 2005). HDACs regulate chromatin
structure by removing acetyl groups from lysines in the amino-terminal tails of core histones
in the nucleosome regulating chromatin structure and gene expression (Dokmanovic &
Marks, 2005). This process leads to expression of a small number of normally silent genes.



226 Autism — A Neurodevelopmental Journey from Genes to Behaviour

3.4.2.4 VPA-exposure as an animal model of autism

A study of patients in the Swedish thalidomide registry revealed that about 30% of children
exposed to thalidomide on the 20-24th day of gestation became autistic, which was 250
times the rate in the general population at this time (Stromland et al., 1994). The 20-24th day
of gestation is the time of neural tube closure and development of the first neurons, which
form the motor nuclei of the cranial nerves. Since thalidomide does not have the same
teratogenic effect in rodents as in primates (Schumacher et al., 1972), valproic acid was used
to injure rats’ brainstems in utero (Rodier et al., 1996). VPA exposure induces similar
patterns of abnormal development across species with skeletal and cranial nerves
abnormalities reported in mice (Nau et al., 1991), rats (Vorhees, 1987), and monkeys (Mast et
al., 1986). Most importantly, prenatal VPA exposure leads to several-fold increase in the rate
of autism (Bromley et al., 2008; Moore et al., 2000; Rasalam et al., 2005).

3.4.2.4.1 Neuroanatomical similarities to autism

In rats, the neural tube closes on day 11; by the 12th day of gestation production of the motor
nuclei of trigeminal, abducens, and hypoglossal nerves is completed (Altman & Bayer,
1980). Malfunctions of the targets of these neurons were reported in autism (reviewed in
Arndt et al., 2005; Miller et al., 2005). Offspring of female rats injected with VPA during
neural tube closure show several brain abnormalities, resembling those found at autopsy
and in brain-imaging studies of autistic patients: abnormalities of the cranial nerve motor
nuclei, hypoplasia of brainstem structures, reduced volume of posterior parts of cerebellar
vermis and hemispheres, a loss of Purkinje cells, and injury to deep nuclei of the cerebellum
(Ingram et al., 2000; Rodier et al., 1996; Rodier et al., 1997b). Changes in the timing of
exposure to VPA were used to produce different injuries. In brief, a single intraperitoneal
NaVPA injection on PND 11.5 at a dose of 350 mg/kg VPA resulted in a significant
reduction in the trigeminal and hypoglossal nuclei. Exposure on day E12 resulted in
abnormalities of the abducens, trigeminal, and hypoglossal nuclei, and exposure on day
E12.5 resulted in reductions of neurons in the oculomotor, abducens, trigeminal, and
hypoglossal nuclei. Insults affecting these neurons are associated with abnormalities in
facial features that are common in idiopathic autism and were observed in all of the five
autistic thalidomide cases (Rodier et al., 1997a; Stromland et al., 1994). Cerebellar
abnormalities consistent with human cases of autism were found following exposure of 600
mg/kg sodium valproate on day E12.5. Purkinje cell numbers in posterior lobules (VI-VIII
and X) of the vermis were reduced, but were normal in the anterior lobes (IV-V) (Ingram et
al., 2000), which resembles human MRI studies that have shown decreased size of the
posterior cerebellar vermis in autism (Courchesne et al.,, 1994a; Courchesne et al., 1994b;
Hashimoto et al., 1995).Further, the interpositus nucleus, corresponding to the globose and
emboliform nuclei in humans, but not dentate nucleus was significantly reduced in VPA
rats (Rodier et al., 1997b). In human cases, the globose and emboliform nuclei are much
more severely affected than the dentate nucleus (reviewed in Kemper & Bauman, 1998). The
overall brain volume in the treated animals was reduced by 18% (using brain weight).

3.4.2.4.2 Behavioural similarities to autism

There is a vast body of evidence that administration of VPA on day 12 of gestation has long-
term effects on postnatal behaviours in male but not female rats, which include (1) lower
sensitivity to pain and higher sensitivity to nonpainful stimuli, (2) diminished acoustic
prepulse inhibition, (3) locomotor and repetitive/stereotypic-like hyperactivity combined
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with lower exploratory activity, (4) decreased number of social behaviours and increased
latency to social behaviours, (5) decreased seizure threshold; (6) and higher anxiety
(Markram et al., 2008a; Narita et al.,, 2010; Schneider et al., 2001; Schneider et al., 2007;
Schneider et al., 2008; Schneider & Przewlocki, 2005; Schneider & Przewlocki, 2007). In
addition, VPA rats showed delayed maturation, lower body weight, delayed motor
development, and attenuated integration of a coordinated series of reflexes, and delayed
nest-seeking response mediated by olfactory system (Schneider & Przewlocki, 2005).
Interestingly, all behavioural aberrations described in those animals appear in adolescent
animals, which could distinguish the VPA rat model of autism from other animal models of
neurodevelopmental disorders, especially rodent models of schizophrenia. Similar
behavioural abnormalities and developmental delays have been observed in autism. Indeed,
autistic patients express: social interaction deficits (Kaufmann et al., 2004); hyperactivity
with  decreased exploratory activity (Pierce & Courchesne, 2001); motor
repetitive/stereotypic behaviours (Militerni et al., 2002); lowered sensitivity to pain
(Militerni et al., 2000); deficits of information processing and attention with impaired
sensorimotor gating (Allen & Courchesne, 2001; McAlonan et al., 2002), higher anxiety and
phobias (Evans et al., 2005; Gillott et al., 2001); a greater risk for developing seizure disorder
(Volkmar & Nelson, 1990); and delayed sensorimotor development (Losche, 1990). VPA-
treated offspring also exhibited greatly amplified conditioned cued and contextual fear
responses when tested up to 3 months after conditioning. Fear memories were not only
amplified, but also more generalized to other stimuli configurations and more resistant to
extinction than in control animals (Markram et al., 2008a). Again, autistic children are
known to have impairments in extinction learning and to display strong perseverations
(Coldren & Halloran, 2003; Mullins & Rincover, 1985). Those results confirm existence of
similarities between the observed pattern of aberrations in VPA rats and features of
disturbed behaviour in autistic patients. Noteworthy, VPA rats express a very specific
pattern of aberration in eye-blink conditioning test (Murawski et al., 2009; Stanton et al.,
2007), which is similar to that reported by Sears and colleagues (1994) in autistic patients,
i.e., normal basic sensory and motor function, but exaggerated amplitude of conditioned
blinks, and altered timing of conditioned blinks. One difference between children with
autism and the VPA-exposed rats was that the animals did not display a higher rate of
acquisition of conditioned responses. Almost all studies using eye-blink conditioning in
human disorders (e.g., schizophrenia, (Bolbecker et al., 2009); mental retardation, (Hogg et
al.,, 1979); Huntington disease, (Woodruff-Pak & Papka, 1996); Fragile X Syndrome, (Tobia &
Woodruff-Pak, 2009) show impairment in conditioning ability compared to control subjects.
It is therefore surprising that children with autism and rats exposed to VPA in utero display
an enhancement of eye-blink conditioning, which might actually lead to the first ‘autism-
specific’ test for between species comparisons.

3.4.2.4.3 Biochemical similarities to autism

Prenatal exposure to VPA in Sprague-Dawley rats on embryonic day 9 (neural plate stage)
leads to increased serotonin levels in the hippocampus, increased dopamine in the frontal
cortex, and hyperserotonemia (Miyazaki et al., 2005; Narita et al., 2002; Tsujino et al., 2007).
VPA administration also alters serotonergic neuronal differentiation and migration in the
dorsal raphé nucleus (Miyazaki et al., 2005; Tsujino et al., 2007). These results are strikingly
similar to the data obtained on the serotonergic system in human autism (Anderson et al.,
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1990; Lam et al., 2006). Serotonin is not only a neurotransmitter, but also a regulator of
development of several brain areas, such as the neocortex, hippocampus, and cerebellum. It
has been previously shown in other models that depletion of serotonin results in a
significant delay in maturation of cortical structures (Bennett-Clarke et al., 1995; Vitalis et al.,
2007) and excessive serotonin during early development results in hyper-innervation and
expansion of cortical architecture (Vitalis et al., 1998). Thus, increased serotonin level in VPA
rats may be one of the factors triggering altered developmental patterns observed in this
model. Indeed, a more complex dendritic arborization in apical dendrites of pyramidal cells
in motor cortex had been shown in VPA-exposed animals (Snow et al., 2008), suggesting
disturbed pruning process, which is consistent with theories related to abnormal human
brain development in autism. VPA rats also express altered functioning of opioidergic
(Schneider et al., 2007) and glutamatergic (Rinaldi et al., 2007) systems. Recently, the same
model has been replicated in mice. VPA-mice share behavioural phenotype described
previously in rats but also had decreased NLGN3 mRNA expression in hippocampus and
somatosensory cortex (Kolozsi et al., 2009; Roullet et al., 2010), which again resembles
human literature showing that mutations in neuroligin3 gene may predispose to autism
(Bourgeron, 2009; Jamain et al., 2003).

3.4.2.4.4 Immunological similarities to autism

Prenatal VPA exposure in rats led also to immunological aberrations resembling decreased
cellular immunity observed in autism (reviewed in Cohly & Panja, 2005). Decreased weight
of the thymus, decreased splenocytes proliferative response to concanavaline A, lower IFN-
y/IL-10 ratio, and increased production of NO by peritoneal macrophages were described in
male VPA rats, whereas females exhibited only decreased IFN-y/IL-10 ratio (Schneider et
al., 2008). Some of these might have been mediated by increased basal level of corticosterone
(Schneider et al., 2008). The neuroimmune network is involved in the adaptation to stressful
stimuli and an inadequate response to environmental stressors has been linked to its
dysfunction (reviewed in (Merlot et al., 2008; Petrovsky, 2001). Previous studies have shown
that prenatal exposure to VPA on day 8 of gestation leads to lesions in thymus (Gossrau &
Graf, 1989), even though colonization of the thymus by pluripotent stem cells occurs in rat
around day 13 of gestation (Dietert et al., 2000), which is a typical exposure time in VPA
models. Described changes were transient, but in VPA rats thymus atrophy was persistent
even in adult rats, which might suggest a potential role of increased susceptibility to stress
and of increased level of corticosterone observed in VPA male rats, as corticosteroids are
known to cause thymic atrophy (Gorski et al., 1988). There is also mounting evidence that
stress may induce a shift in the type 1/type 2 cytokine balance toward a type 2 cytokine
response (Agarwal & Marshall, Jr., 1998; Elenkov & Chrousos, 1999), which is consistent
with decreased IFN-y/IL-10 ratio observed in VPA rats. The ratio of IFN-y to IL-10 in
culture supernatants is of critical importance in determining their pro- or anti-inflammatory
capacity, i.e., either activation (IFN-y) or inhibition (IL-10) of monocytic and lymphocytic
function (Katsikis et al., 1995). Similar imbalance in Th1/Th2 response has been reported in
autism (e.g., Gupta et al., 1998). Thus, the mechanism of the immunomodulatory effect of
prenatal VPA exposure may be related to its indirect impact exerted through activation of
autonomic nervous system and/or the hypothalamic-pituitary-adrenal axis.

3.4.2.4.5 Cellular level similarities to autism

On the cellular level VPA induced overexpression of NR2A and NR2B subunits of NMDA
receptors and kinase calcium/calmodulin-dependent protein kinase I (CAMKI1), which is a
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key signalling enzyme associated with NMDA receptor-mediated synaptic plasticity
(Rinaldi et al., 2007). In contrast, AMPA receptor subunits GluR1, GluR2, and GluR3 and the
obligatory subunit of the NMDA receptor, NR1, extracellular signal-regulated kinase (ERK)
and cAMP response element binding protein (CREB), some phosphorylated forms of
signaling proteins (pCREB-5133, pCaMKII-T286/287, GluR1-5831, pGluR1-5845, pNR1-
5896, pNR1-5897, pNR2B-51303), as well as the main metabotropic glutamate receptor
subunits (MmGIluR1, mGluR5, mGluR4, mGluR6/7) and the kainite receptor subunits
(GluR6/7), were not affected in the VPA-treated neocortex. This indicated a highly selective
abnormality within the glutamatergic system in VPA-induced model of autism (Rinaldi et
al., 2007).

Reactivity of microcircuits in VPA rats’ somatosensory cortex, prefrontal cortex, and
amygdala measured by a multi-electrode array (MEA) stimulator showed dramatic increase
(x2) in reactivity to electrical stimulation and boosted synaptic plasticity as well as a deficit
in inhibition in amygdala (Markram et al., 2008b; Rinaldi et al., 2007; Rinaldi et al., 2008a;
Rinaldi et al., 2008b; Silva et al., 2009). Taking into account that paired recordings of
excitatory AMPA-mediated synaptic responses were weaker in the VPA rats and the
numbers of synapses per synaptic connection smaller, it was suggested that an excessive
recurrent circuitry may play a crucial role in the observed hyperreactivity to electrical
stimulation in brain microcircuits. Further, synaptic plasticity experiments between pairs of
pyramidal neurons revealed increased postsynaptic long-term potentiation in the VPA
treated slices (Rinaldi et al., 2007), which suggested hyperplasticity of glutamatergic
synapses. At the same time, the pyramidal neurons required much more current to drive
their voltage to spiking threshold and the number of spikes generated for a series of current
stimuli was much lower than in control slices. There were no differences in the passive
conductance. This hypo-excitability of pyramidal neurons may be an attempt to counter the
hyper-reactivity as a compensatory mechanism (Rinaldi et al., 2007; Rinaldi et al., 2008b).
Morphological examination of 3D reconstructions of pyramidal neurons did not show any
significant differences between VPA-treated tissue and control. Hyper-reactivity of the
neocortical microcircuitry is therefore not caused by larger or more elaborate neurons, more
excitable neurons, an increase in neuron numbers, stronger synaptic connections, or by a
loss of inhibition. Indeed, changes in these parameters seem to act in the opposite direction,
perhaps part of a compensatory strategy (Rinaldi et al., 2007; Rinaldi et al., 2008a; Rinaldi et
al., 2008b). The described hyper-connectivity was found only in neurons forming the typical
dimensions of a neocortical minicolumn (~50pm somatic distance), but not for pairs of
pyramidal neurons (100-200pm apart). The minicolumn is thought to be the smallest
computational circuit in the brain (Lucke & Malsburg C., 2004). It consists of a core line of
vertically ascending pyramidal and inhibitory neurons, their connections and input/output
axons. Hyper-connectivity in microcircuits can lead to exaggerated recruitment of neurons
when presented with a stimulus and could account for the hyper-reactivity found in these
local circuits after VPA treatment. An important aspect of hyper-connectivity induced by
VPA exposure is that pyramidal neurons target more neurons even at the expense of using
less synapses per connection. Thus, the form of hyper-connectivity observed in this model
can be seen as a hypertrophy of connectivity between neurons. Local hyperconnectivity may
render cortical modules more sensitive to stimulation and once activated, more autonomous
and more difficult to command (Rinaldi et al., 2007; Rinaldi et al., 2008b). Studies on
minicolumnar arrangements in the frontal and temporal lobes showed altered neuronal
anatomy and circuitry in autism with minicolumns abnormally narrow, both in the column
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core and the neurophil containing inhibitory interneurons (Casanova et al., 2002). This
suggests that the autistic brain may exhibits an increased number of minicolumns, i.e., more
processing units, and more excitable/less inhibit microcircuitry.

3.4.2.4.6 Gender dimorphism in VPA model

Most of behavioural and immunological aberrations induced by prenatal exposure to VPA
were observed in male but not female rats (Schneider et al., 2008). It is unclear how gender
in utero can affect VPA-induced behavioural, endocrine, and immunological effects.
Observed gender differences in functional outcome of prenatal exposure to VPA cannot be
explained by differences in direct VPA effect on foetuses as morphological studies in VPA
rats have not reported any differences between males and females in a kind of or extension
of brain injuries induced by VPA (Ingram et al.,, 2000; Rodier et al., 1996; Rodier et al.,
1997b). Gender differences in the model cannot be either explained by VPA influence on
estrogenic receptors, which has recently been shown in vitro (Fortunati et al., 2008; Reid et
al., 2005), as estrogen receptor system of the rat brain is not detected before day 16 of
gestation (Miranda et al., 1994; Miranda & Toran-Allerand, 1992). Thus, attenuation of
behavioural and immunological alterations observed in female VPA rats is probably not
related to differences in direct teratogenic action of VPA. We would rather suggest that
protective effects of estrogen and progesterone and sex-related differences in
neurotransmitters systems development and/or functioning during consecutive
developmental stages may play the crucial role in the observed attenuation of the VPA-
induced aberrations in female rats. Estrogen and progesterone might reduce the
consequences of brain injuries by enhancing anti-oxidant mechanisms, decreasing
excitotoxicity (altering glutamate receptor activity, reducing immune inflammation,
providing neurotrophic support, stimulating axonal remyelinization), and enhancing
synaptogenesis and dendritic arborization (Roof & Hall, 2000a; Roof & Hall, 2000b; Stein,
2001). Importantly, it has been recently suggested that sex hormone action may be mediated
via gene-specific epigenetic modifications of DNA and histones (Kaminsky et al., 2006).
Hormone-induced DNA methylation and histone modifications at specific gene regulatory
regions may modify the risk of a disease and lead to disproportion in male to female ratio in
autism as well as to sex-specific phenotypes in VPA rats.

3.4.2.4.7 Beneficial effects of environmental enrichment in VPA rats

The availability of a valid animal model of autism opened the door to rigorous evaluation of
the effects of environmental manipulations on the behavioural expression of
neuropathological deficits in VPA exposed animals. Our own experiments have shown that
environmental enrichment reverses almost all autistic-like behavioural aberrations observed
in VPA rats (Schneider et al., 2006). VPA rats subjected to environmental enrichment
compared to a VPA non-enriched group exhibited higher sensitivity to pain and lower
sensitivity to nonpainful stimuli; stronger acoustic prepulse inhibition; lower locomotor,
repetitive/stereotypic-like activity, and enhanced exploratory activity; decreased anxiety;
increased number of social behaviours, and shorter latency to social explorations, and when
compared to control non-enriched animals, increased number of pinnings in adolescence
and social explorations in adulthood, and more numerous entries to open arms and longer
time spent in the open arms of the elevated plus-maze, which suggest decreased anxiety.
Mechanisms of this remarkable behavioural improvement are unknown. However,
converging lines of evidence suggest that environmental enrichment in rodents leads to
better performance in various learning tasks (Bruel-Jungerman et al., 2005, Rampon et al.,
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2000), enhanced social play behaviour (Morley-Fletcher et al., 2003; Schneider et al., 2006),
and lower anxiety (Gortz et al., 2008; Sztainberg et al., 2010). Improvements in behavioural
performances were accompanied by changes in various neurochemical and anatomical
features in rodent brains, e.g., increased dendritic spine density and branching in the
cerebral cortex (Diamond et al., 1972; Greer et al., 1981), hippocampus (Bruel-Jungerman et
al., 2005; Rampon et al., 2000), striatum (Turner et al., 2003), and cerebellum (Angelucci et
al., 2009); reduced apoptosis (Young et al., 1999), and enhanced neurogenesis (Levi &
Michaelson, 2007). Enrichment also causes a significant change in the expression of genes
whose products are involved in neuronal structure, plasticity, and neurotransmission
(Rampon et al., 2000). Finally, environmental enrichment reverses behavioural, cognitive
and molecular aberrations resulting from prenatal or early postnatal factors such as
maternal separation (Bredy et al.,, 2003) or developmental Pb2+ exposure (Guilarte et al.,
2003), and has been shown to attenuate behavioural and morphological phenotype in mouse
genetic models of Rett Syndrome (Lonetti et al., 2010) and the fragile X syndrome (Restivo et
al., 2005), both commonly associated with autism.

4. Conclusions

The advantage of animal models of autism is to study developmental and behavioural deficits
in context of a whole organism. We can use such models to clarify complex relationships
between genetic, behavioural and environmental variables to better understand and
potentially cure autism. Rodent models described in this chapter allow an extensive multi-
omics approach to autism with a spectrum of non-invasive and invasive approaches at the
genetic, molecular, cellular, synaptic, and behavioural levels, which has greatly extended our
knowledge about autism and mechanism underlying both autistic-like and normal behaviours
in animals and humans. What we need now is to combine these different approaches into
multidisciplinary studies determining the consequences of environmental factors (e.g., stress,
teratogenic substances, enriched environment) on the development of autistic-like behavioural
changes in genetically modified animals, and vice versa, to determine the genetic basis of
negative and positive effects of environmental factors in animal models. Among currently
used animal models of autism described in this chapter, the one induced by prenatal exposure
to valproic acid seems to fulfil criteria for construct, face and predictive validity and may be
used to further elucidate the neurobiological mechanisms underlying the functional effects of
genetic and environmental factors relevant to autism. This model could become a common
experimental platform to validate new pharmacological and behavioural interventions with
potential relevance to autism.

4.1 Hypothesis based on VPA model and their implications for autism

4.1.1 Environmental enrichment

Of the vast number of animal studies that yield results of interest to human research, studies
on the impact of an enriched environment on brain development and behaviour can be of
enormous interest. What we need now is the development of a sound theory of the effects of
specific environmental experiences on neurobehavioural development and a rationale for
the external and internal mechanisms that mediate these effects. Studies on the influence of
an enriched environment are one of the major attempts to understand the interaction
between the environment and the genome in the regulation of the phenotype. At the very
least, study of the beneficial effects of environmental enrichment in the VPA model indicates
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that there are many opportunities for enhancing brain activity and behaviour, and that they
can have pronounced therapeutic effects on behavioural alteration in the animal model of
autism induced by prenatal exposure to VPA (Schneider et al., 2006). This leads us to a
consideration of the relevance of this model to brain damage rehabilitation and behavioural-
cognitive therapy attenuation of autistic features in humans. Having such a model we can
start asking questions about genetic/epigenetic, molecular, biochemical and structural
changes in the brain induced by environmental enrichment and how these changes can be
related and used to improve therapeutic interventions in autism. For example, we can
assume that the combination of enriched experience with pharmacological treatments may
further strengthen these beneficial effects and improve their therapeutic effectiveness, and
this can be tested first in VPA model. Thus, what we need now is both to identify the key
external factors and understand the internal mechanisms that mediate the beneficial effects
of environmental enrichment on neurobehavioural development of VPA rodents and to use
this knowledge to help people suffering from autism.

4.1.2 Gender dimorphism

Gender dimorphism is another interesting phenomenon observed both in the VPA model
and autism. Studies based on both clinical and epidemiological samples find a higher
incidence of autism in boys than in girls, with reported ratios averaging around 4 to 1
(Fombonne, 2003; Newschaffer et al., 2007; Volkmar et al., 1993). The reason for this gender
discrepancy is unknown. Accordingly, most of behavioural and immunological aberrations
induced by prenatal exposure to VPA were observed in males but not females (Schneider et
al., 2008). Gender differences in functional outcome of prenatal exposure to VPA cannot be
explained by differences in direct VPA effect on foetuses as morphological studies in VPA
rats have not reported any differences between males and females in the extend of brain
injuries induced by VPA (Ingram et al., 2000; Rodier et al., 1996; Rodier et al., 1997b).
Similarly, there are no structural or functional imaging data suggesting gender differences
among autistic patients. We would rather suggest that protective effects of estrogen and
progesterone and sex-related differences in neurotransmitters systems development and/or
functioning during consecutive developmental stages may play the crucial role in the
observed attenuation of the VPA-induced aberrations in female rats and skewed sex ratio in
autism. As mentioned above, estrogen and progesterone might reduce the consequences of
brain injuries by enhancing anti-oxidant mechanisms, decreasing excitotoxicity (altering
glutamate receptor activity, reducing immune inflammation, providing neurotrophic
support, stimulating axonal remyelinization), and enhancing synaptogenesis and dendritic
arborization (Roof & Hall, 2000a; Roof & Hall, 2000b; Stein, 2001). Some of these effects
might be mediated by epigenetic mechanisms (Kaminsky et al., 2006) suspected to play an
important role in autism. This might be a very fruitful direction for future studies in
neurotherapeutics for autism.

4.1.3 Intense World Syndrome as a unifying theory of autism

Based on results obtained in the VPA-induced animal model of autism a new unifying
theory has been recently proposed describing autism as an ‘intense world syndrome’
(Markram et al., 2007; Markram & Markram, 2010), in which hyper-reactivity and hyper-
plasticity of the brains' microcircuits causes excessive neuronal information processing and
storage in the brain. Such excessive information overload is proposed to produce hyper-
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perception, hyper-attention, and hyper-memory, which may lead to exaggerated
perception/hyper-focusing of fragments of a sensory world instead of creating holistic,
multimodal representations, and can diminish an ability to shift one’s attention to new
stimuli due to the difficulty for top-down mechanisms to coordinate the overly autonomous
microcircuits. Inability to disengage attentional capacities has been frequently reported in
autism (e.g., Landry & Bryson, 2004). Hyper-plasticity may also lead to exaggerated
memorization of non-related stimuli and thus to over-generalization, which has been
observed in fear conditioning test in VPA rats and might be related to decreased inhibition
and hyper-reactivity in VPA treated amygdala. Therefore an autistic person may perceive
the world not only as overwhelmingly intense due to hyper-reactivity of primary sensory
areas, but also as aversive and highly stressful due to a hyper-reactive amygdala, which due
to overgeneralization can make fear associations with usually neutral stimuli. The autistic
person may well try to cope with the intense and aversive world by withdrawal. Thus,
impaired social interactions in autism might be the result of an intense, overwhelming, and
fragmented perception, which escapes any holistic interpretation. This theory is consistent
with high anxiety levels as well as the hypertrophy of the amygdala in autism (Gillott et al.,
2001; Sparks et al., 2002). Increased anxiety and phobias are common in autistic patients
(Evans et al., 2005; Gillott et al., 2001) and their relatives (Micali et al., 2004), and frequency
of autistic-like symptoms is highly increased in children with mood and anxiety disorders
(Towbin et al., 2005). In line with this hypothesis, decreased amygdala activation has been
linked to genetic hyper-sociability in Williams syndrome (Martens et al.,, 2009; Meyer-
Lindenberg et al., 2005), whereas increased activation is observed in social phobia (Stein et
al., 2002; Stein et al.,, 2007). Moreover, autistic children exhibit increased autonomic
responses, indicative of enhanced amygdala activity (Corbett et al., 2006; Hirstein et al.,
2001; Tordjman et al., 1997), and increased corticosterone blood level was observed in VPA
rats (Schneider et al., 2008). Although this is still a preliminary proposal and needs further
clarification it is well based on both human and animal data described in this chapter and
may be used as an alternative unifying theory for previous theoretical proposals such as the
‘weak central coherence theory of autism’ (Happe & Frith, 2006), the ‘executive function
theory of autism’ (Hughes et al.,, 1994; Russell & Hill, 2001) or the “theory of mind”
conception of autism (Baron-Cohen, 1991; Frith & Happe, 1994). In fact, if this is hyper-
reactivity that makes autistic individuals withdrawn from the world, a completely new
approach to pharmacological intervention in autism should be considered. For example,
while most of the commonly prescribed medications try to increase neuronal and cognitive
functioning in autism, the autistic brain might rather need to be ‘calmed down’ and
cognitive functions diminished in order to re-instate balance and functionality.
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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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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/MCTS). 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 rT3 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,, 4TH Zoeller |? Jain et al.,
2008 et al., 2005; no 2011
change:
Nieminen et
al., 2002;
Kobayashi et
al., 2002
DICOFOL |Pesticides Roberts et al., 'W T4:Van den |? ?
2007 Berg etal,,
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 v Total and Vendkatara
byproducts, Kimura-Kuroda et al., 2007 free T4: Morse man et al.,
food et al., 2007 etal., 1996 2007;
Hassoun et
al., 2010
PBDE Flame Messer et al., Messer etal, |[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 Liuetal.,
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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1. Introduction

He could fit in the palms of both hands, seemed to look at you beseechingly while you rushed to thread
a vein and snake a tube down a tiny nostril of this 24 week preemie. Already exposed to the prenatal
stress that culminated in premature delivery, he has been further exposed to the stress associated with
the separation from his mother and multiple medical interventions. Like other premature babies, he is
more vulnerable to invasive infections from bacteria and viruses; moreover, the delayed development
of his gut-blood-brain barriers could expose him to potential neurotoxins.

Such infants are up to 4 times more likely to develop autism. If their mothers had allergies,
mastocytosis or an autoimmune disease, this risk almost doubles.

Autism Spectrum Disorders (ASD) are pervasive developmental disorders that include Autistic
Disorder and Asperger’s Disorder, although Pervasive Developmental Disorder-Not Otherwise
Specified (PDD-NOS) is frequently included (Johnson & Myers, 2007). ASD are characterized by
variable deficits in social skills, stereotypic behaviors, and a wide range of behavioral and
learning problems. ASD manifest during early childhood and at least 30% present with sudden
clinical regression of development around 3 years of age (Matson J.L. & Kozlowski A.M., 2010;
Zappella, 2010). Over the last 20 years, there has been an impressive rise in ASD with current
prevalence estimates of 1/100 children (Fombonne, 2009; Kogan et al., 2009).

In the majority of cases, the cause of ASD is unknown (Levy et al.,, 2009). Some autism
susceptibility genes have been identified (Weiss et al., 2009), but gene interactions with
environmental factors are increasingly suspected (Deth et al., 2008; Herbert, 2010). Recent
reviews have focused mostly on genomic screens that suggest there are multiple gene
interactions in autism; however no gene abnormality alone can explain the apparent
increase in ASD prevalence (Durkin et al.,, 2010; Herbert, 2010; Miles, 2011). Increasing
evidence suggests that there are different ASD endophenotypes, even within the ASD
spectrum (Palmieri & Persico, 2010).

t Deceased
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Intrauterine conditions in combination with external environmental triggers or specific
genotypes, may lead to developmental disturbances. Indeed, an epidemiologic study, nested
within a cohort of 698 autistic children in Denmark, concluded that prenatal environmental
factors and parental psychopathology are associated with the risk of autism and these
factors seem to act independently (Larsson et al., 2005). It is also recognized that tuberous
sclerosis, a neurocutaneous disorder, involves autistic symptoms in approximately 40-45%
of cases (Smalley, 1998). It has been proposed that this partial penetrance may be the result
of an interaction between gene mutations and environmental factors, such as gestational
immune activation (Ehninger et al., 2010). An early environmental insult, such as prenatal
infection could cause long-term changes in neural function by altering epigenetic
programming. Studies on rodents suggest that during early development, environmental
signals can activate intracellular pathways, leading to epigenetic changes and consequently
changes in neural function (Zhang & Meaney, 2010). In fact, variations in early maternal care
affect stress responses in the offspring by altering the methylation status of the
glucocorticoid receptor gene promoter (Weaver et al., 2004).

2. The role of prematurity

Premature births (delivery prior to 37 weeks gestation) currently account for 12.7% of all births
in the United States, a rise of approximately 20% in the past two decades (MacDorman et al.,
2010). Although infants less than 28 weeks gestation are at the highest risk for long-term
neurologic problems, infants born between 32 and 36 weeks are increasingly recognized to be
at risk for neurologic injury, such as leukomalacia and grey matter damage (Adams-Chapman,
2006; Argyropoulou, 2010; Okumura et al., 2010; Volpe, 2009). Clinical, epidemiological and
experimental studies have revealed that key factors, such as inflammation and oxidative stress
contribute considerably to white- and grey-matter injury in premature infants, whose brains
are particularly susceptible to damage (Kaindl et al., 2009). In infants surviving premature
birth, cerebellar hemorrhagic injury is also associated with a high prevalence of
neurodevelopmental disabilities (Limperopoulos et al., 2007). The resulting long-term
neurologic complications may include learning difficulties, behavioral and socio-emotional
concerns, and poor general health outcomes. These vulnerable near-term (late preterm)
infants make up the greatest number of premature births and account for the significant
increase in the rate of prematurity in the recent years (Martin, 2011). Although the etiology of
premature delivery is often unknown, chronic in ufero inflammation or infection are well-
described conditions that lead to preterm labor and birth (Dubicke et al., 2010; Snegovskikh et
al., 2009; Thaxton et al., 2010). Inflammation itself has been strongly associated with adverse
neurodevelopmental outcomes in premature infants (Lin et al., 2010; Rovira et al., 2011). An
additional 5-8% of deliveries are complicated by pre-eclampsia or gestational diabetes, which
may lead to placental insufficiency, abnormal growth, and postnatal metabolic imbalance.
Excessive production of cortocotropin releasing hormone (CRH) has also been linked to
preterm labour (Campbell et al., 1987; Warren et al., 1992). A number of cytokines are known
to cause in vitro secretion of CRH from cultured placental trophoblasts, including IL-1 and IL-
6 (Petraglia et al, 1990). In turn, CRH stimulates release of IL-6 from peripheral blood
mononuclear cells, which infiltrate the fetal membranes and the placenta in increasing
numbers during intrauterine infection (Angioni et al., 1993).

Recent reports suggest a potential association between preterm birth and autism. In
particular, one retrospective study investigated preterm children born in Atlanta, GA (1981-
93) who survived to three years of age, and identified rates of autism through the
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Metropolitan Atlanta Developmental Disabilities Surveillance Program. Preterm birth prior
to 33 weeks gestation was associated with a two-fold higher risk of autism in all infants
(Limperopoulos et al., 2008). Interestingly, this study reported a gender-specific, four-fold
increased risk for autism accompanied by mental retardation in preterm girls with low birth
weight (LBW) (<2,500 g at birth). Another study performed a prospective follow-up
assessment on 91 ex-preterm very low birth weight (VLBW) infants (<1,500 g at birth) at the
mean age of 22 months and found 26% of these children to have a positive Modified
Checklist for Autism in Toddlers (M-CHAT) test (Kinney et al., 2008). A more recent study
found that 21% of infants (212/988) born before 28 weeks of gestation screened positive
using M-CHAT (Kuban et al., 2009) as compared to 5.7% of healthy children 16-30 months
old (Kleinman et al., 2008). Much higher rates of positive testing on M-CHAT were found in
premature children with motor or sensory impairment (Kuban et al., 2009). It should be
noted, however, that a positive CHAT test must be confirmed with more specific diagnostic
tools, such as the Autism Diagnostic Observation Schedule-Generic (ADOS-G, a patient
observational tool) or the Autism Diagnostic Interview-Revised (ADI-R, a parent interview
tool) which provide a more reliable diagnosis for ASD. A prospective study of all births less
than 26 weeks gestation in 1995 in the United Kingdom and Ireland concluded that ex-
preterm children are at increased risk for ASD in middle childhood, compared with their
term-born classmates, after psychiatric, clinical, 1Q and SCQ (Social Communication
Questionnaire) evaluations (Johnson et al., 2010).

A cohort of 164 families with autistic children (Brimacombe et al., 2007) concluded that the
increased risk of autistic disorders related to prematurity is primarily attributed to perinatal
complications that occur more commonly among preterm infants, results also confirmed in a
Swedish population-based case-control study (Buchmayer et al., 2009). A meta-analysis on
prenatal risk factors for autism argued that evidence is insufficient to implicate individual
prenatal factors in autism etiology, because many of the studies examined all available
prenatal data using designs with methodological weaknesses, so that significant associations
may have been observed by chance after multiple testing (Gardener et al., 2009). Findings from
population-based studies suggest that suboptimal birth conditions are not independent risk
factors for infantile autism, but rather clusters of them increase the risk of ASD (Maimburg &
Vaeth, 2006). Finally, a more recent cohort study on infants born in Canada between 1990-2002
concluded that perinatal risk factors including prenatal, obstetrical and neonatal
complications, have a lesser overall effect on autistic outcomes among the genetically
susceptible pediatric population, compared to children with low genetic susceptibility (Dodds
et al,, 2010). Reviews of studies evaluating neurobehavioral outcomes following preterm birth
reveal a “preterm behavioral phenotype” characterized by symptoms of inattention, anxiety
and social difficulties (Johnson & Marlow, 2011; Limperopoulos, 2009).

3. Maternal autoimmune diseases

The relationship between ASD and familial autoimmunity has long been recognized (Money
et al, 1971), and has been supported by at least three large population-based studies
discussed below; these studies utilized medical records and physician data to determine
autoimmunity in families of ASD and typically-developing children.

One case-control study nested within a cohort of infants born in California between 1995-1999,
examined the association of “immune-related conditions” with ASD using health records and
reported that prevalence of maternal psoriasis, asthma, hay fever and atopic dermatitis during
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the second trimester of pregnancy correlated with over two-fold elevated risk of ASD in their
children (Croen et al., 2005). The second cohort consisted of the pediatric population born in
Denmark from 1993 through 2004 (n=689,196), in which 3,325 children were diagnosed with
ASD including 1,089 cases of infantile autism. The study confirmed an association between
family history of type 1 diabetes and infantile autism, as well as rheumatoid arthritis and ASD;
it was also the first to show a significant association between maternal celiac disease and ASD
(Atladottir et al., 2009). A significant association between parental rheumatic fever and ASD, as
well as several significant correlations between maternal autoimmune diseases and ASD were
investigated across 3 Swedish registries by means of a case-control study (n=1,227 ASD cases
matched with 25 controls each) (Keil et al., 2010). Auto-antibodies against brain proteins have
been reported in a number of mothers with children who developed autism (Croen et al.,
2008). A possible explanation for the link between maternal immune dysregulation and ASD
would be the transfer of maternal autoantibodies to the developing fetus during pregnancy
(Braunschweig et al., 2008; Croen et al., 2008; Singer et al., 2008; Zimmerman et al., 2007),
resulting in abnormal neurodevelopment. This phenomenon was manifested in the offsprings
of pregnant mice after their transfection with human systemic lupus erythematosus
autoantibodies (Lee et al.,, 2009). A preliminary report also indicated that mothers with a
diagnosis of mastocytosis during pregnancy had a high chance of having one or more children
with autism (Theoharides, 2009).

Results from animal modeling studies clearly indicate that maternal immune activation
(MIA) can cause both acute and lasting changes in behavior and CNS structure and function
in the offspring (Boksa, 2010). Administration of bacterial lipopolysaccharide (LPS), a cell
wall component from Gram-negative bacteria, activates Toll-like receptor-4 (TLR-4) on
immune cells leading to synthesis and release of TNF (Varadaradjalou et al., 2003), IL-1 and
IL-6 (Supajatura et al., 2002). It was recently shown that IL-1 receptor antagonism prevented
neurodevelopmental anomalies in pregnant rats after systemic end-of-gestation exposure to
LPS (Girard et al., 2010). In addition to its direct detrimental effect on the placenta and fetal
brain tissue, IL-1 induces selective release of IL-6 from mast cells (Kandere-Grzybowska et
al.,, 2003). IL-6 appears critical for fetal brain development and social behavior development,
as demonstrated in a poly(I:C) mouse model for MIA, where co-administration of anti-IL-6
antibody prevented the social deficits and associated gene expression changes in the brain of
the offspring (Smith et al., 2007).

However, human studies investigating the role of prenatal infection in the pathogenesis of
autism are limited, and mostly focused on viral infections (Chess, 1977; Libbey et al., 2005;
Wilkerson et al., 2002). A recent nationwide study in Denmark including children born from
1980 through 2005 points to an increased risk for ASD after maternal viral infection in the
first trimester of pregnancy (adjusted hazard ratio = 2.98; CI: 1.29-7.15) or maternal bacterial
infection in the second trimester of pregnancy (adjusted hazard ratio = 1.42; CI: 1.08-1.87)
(Atladottir et al., 2010). Moreover, a number of rotaviruses have been isolated from
asymptomatic neonates (Dunn et al, 1993). Viral double-stranded RNA like poly(I:C)
induces release of TNF and IL-6 without degranulation from mast cells through viral TLR-3
(Kulka et al., 2004).

4. Autoimmunity in ASD children

A recent study implied the presence of an endophenotype with complex immune dysfunction
both in autistic children and their non-autistic siblings (Saresella et al., 2009). Brain-specific
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auto-antibodies are present in the plasma of many ASD individuals (Cabanlit et al., 2007;
Singh et al., 1997; Singh & Rivas, 2004). Such auto-antibodies suggest a loss of self-tolerance to
neural antigens during early neurodevelopment, but their precise role in autism remains
unknown (Enstrom et al., 2009; Mostafa et al., 2008; Mostafa & Kitchener, 2009; Wills et al.,
2007). They may indicate disruption of the blood-brain barrier (BBB), at least in a subgroup of
patients. The presence of an auto-inflammatory response is also supported by the detection of
certain inflammation markers. For instance, TNF was high in the cerebrospinal fluid (CSF)
(Chez et al.,, 2007), and IL-6 gene expression was increased in the brain (Li et al., 2009) of
autistic patients. CSF and microglia of ASD patients had high levels of macrophage
chemoattractant protein-1 (MCP-1) (Vargas et al., 2005), which is also a potent chemoattractant
for mast cells (Conti et al., 1997). In contrast, ASD plasma levels of transforming growth factor-
betal (TGF-p1) were low (Ashwood et al., 2008), which is important in view of the fact that
TGF-f1 inhibits mast cell function (Gebhardt et al., 2005). Many children with ASD also report
gastrointestinal symptoms (Buie et al., 2010). In a few studies, examination of intestinal
biopsies from children with regressive autism reveals features of an autoimmune mucosal
pathology, that is not seen in other conditions or inflammatory bowel diseases (Ashwood et
al.,, 2003; Torrente et al., 2002).

Many of the epidemiologic, biochemical and pathologic findings could be explained
through activation of mast cells, immune cells important in both innate and acquired
immunity (Galli et al., 2005), as well as in inflammation (Theoharides & Kalogeromitros,
2006). Mast cells are well-known for their leading role in allergic reactions, during which
they are stimulated by IgE binding to high-affinity receptors (FceRI), aggregation of which
leads to degranulation and secretion of numerous pre-stored and newly-synthesized
mediators, including IL-6 and TNF (Blank & Rivera, 2004; Kraft & Kinet, 2007; Schroeder et
al., 1995; Schwartz, 1987; Serafin & Austen, 1987; Stone et al., 2010; Torigoe et al., 1997). In
addition to IgE, many substances originating in the environment, the intestine or the brain
can trigger mast cell activation (Theoharides et al., 2011). These include non-allergic
environmental, infectious, neurohormonal and oxidative stress-related triggers, involving
release of mediators selectively, without degranulation (Theoharides et al., 2007b). For
instance, LPS activates TLR-4 on mast cells and induces selective release of TNF
(Varadaradjalou et al., 2003), while IL-1 induces selective release of IL-6 (Kandere-
Grzybowska et al., 2003).

Environmental toxins have been implicated in developmental neurotoxicity (Grandjean &
Landrigan, 2006) and also in mast cell activation. In particular, polychlorinated biphenyl
(PCB) (Hertz-Picciotto et al., 2008) and mercury (Young et al., 2008) have been associated
with ASD, and both also activate mast cells (Asadi et al., 2010; Kempuraj et al., 2010; Kwon
et al., 2002). Other mast cell triggers include bacterial and viral antigens, as well as peptides
such as neurotensin (NT), which we reported to be increased in serum of young children
with autism (Angelidou et al, 2010), and to induce mast cell release of extracellular
mitochondrial DNA, which was also increased in the serum of these ASD patients (Zhang et
al,, 2010). This finding may be in addition to mitochondrial dysfunction reported in ASD
(Giulivi et al., 2010; Palmieri & Persico, 2010). Given the fact that NT activates mast cells
(Theoharides et al., 2004) and abundant NT is located in the gut (Castagliuolo et al., 1996),
its elevated levels might lead to gut dysfunction in a cohort of autistic patients. NT also
augments the action of CRH, which stimulates selective release of vascular endothelial
growth factor (VEGF) (Cao et al., 2005). In fact, CRH acts synergistically with NT to increase
vascular permeability (Donelan et al., 2006).
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Mast cell-derived cytokines can also increase BBB permeability (Abbott, 2000; Theoharides
& Konstantinidou, 2007). BBB disruption has been documented in brain inflammatory
diseases, such as multiple sclerosis, where it precedes any pathological or clinical symptoms
(Minagar & Alexander, 2003; Soon et al., 2007; Stone et al., 1995). We speculate that perinatal
mast cell activation, in response to allergic or non-immune triggers, could disrupt the gut-
blood-brain barriers (Theoharides & Doyle, 2008) and permit neurotoxic molecules to enter
the brain and result in brain inflammation, thus contributing to ASD pathogenesis (Fig. 1)
(Theoharides et al., 2008). It is intriguing that mast cell-derived IL-9 induces intestinal
permeability and predisposes to oral antigen hypersensitivity in children (Forbes et al.,
2008), while it also exacerbates newborn brain toxic lesions (Dommergues et al., 2000).
Moreover, IL-33 can synergize with SP (Theoharides et al., 2010) and SCF (Drube et al., 2010)
in stimulating mast cell TNF release, while it also activates glial cells to secrete pro-
inflammatory cytokines (Yasuoka et al.,, 2011). The possible involvement of mast cells
(Theoharides et al., 2011) in ASD is also supported by the fact that many children with ASD
report “allergic-like” symptoms (Angelidou et al., 2011).

5. Perinatal stress

Mast cells have been implicated in inflammatory conditions that worsen by stress
(Theoharides & Cochrane, 2004) and in regulating BBB permeability (Esposito et al., 2002). It
was shown that early life stress due to maternal separation resulted in an altered brain-gut
axis; it was sufficient to cause an increase in the blood concentrations of pro-inflammatory
cytokines after a challenge with LPS, and also an increase in plasma corticosterone
(O'Mahony et al., 2009). The timing of prenatal stressors was investigated in a case-control
study, recording mothers’ reports on exposure to stressors during each 4-week block of
pregnancy. A higher incidence of stressors at 21-32 weeks gestation was found in autism, in
consistency with the embryological age at which pathological cerebellar changes in autism
are seen (Beversdorf et al., 2005).

We propose that prenatal or perinatal stress may contribute to the development of ASD
through excessive release of CRH. CRH is typically secreted from the hypothalamus, but it
can also be secreted from the skin (Slominski et al., 2006) and nerve endings (Skofitsch et al.,
1985), where it exerts pro-inflammatory effects (Chrousos, 1995; Slominski et al., 2001;
Theoharides et al., 2008). CRH can also be released from immune cells (Karalis et al., 1997)
and mast cells (Kempuraj et al., 2004). In fact, CRH released from hair follicles can trigger
mast cell proliferation (Ito et al., 2010). This form of tissue CRH sometimes called “immune
CRH” may have an immunomodulatory role as an autocrine/paracrine mediator of
inflammation during reproduction (Kalantaridou et al., 2007). One of the early effects of
immune CRH is the activation of mast cells and the release of several pro-inflammatory
cytokines (Theoharides et al., 2004). CRH was increased in the serum of mothers who
delivered preterm babies and correlated with their level of anxiety during that period of
pregnancy (Makrigiannakis et al., 2007). Maternal serum CRH can cross the placenta, and
potentially high amounts of CRH could be produced by the placenta itself in response to
external or intrauterine stress (Grammatopoulos, 2008; Torricelli et al., 2011). CRH can then
disrupt the BBB (Theoharides & Konstantinidou, 2007), which appears to be compromised
in ASD patients, as indicated by the presence of autoantibodies against encephalogenic
peptides (Cabanlit et al., 2007; Goines & Van de Water J., 2010; Singer et al., 2006; Vojdani et
al.,, 2002; Wills et al., 2008). BBB disruption due to stress is dependent on both CRH
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Fig. 1. Diagrammatic depiction of how perinatal immune activation may contribute to brain
inflammation and autism. CRH, corticotropin-releasing hormone; IL, interleukin; LPS,
lipopolysaccharide; MCP-1, macrophage chemoattractant protein-1, mtDNA, mitochondrial
DNA; NT, neurotensin; PCB, polychlorinated biphenyl; poly(IC),polyinosinic:polycytidylic
acid; ROS, reactive oxygen species; SP, substance P; TGFf1, transforming growth factor-
betal; TNF, tumor necrosis factor

(Esposito et al., 2002) and mast cells (Esposito et al., 2001) and is associated with high serum
IL-6 that is also mast cell-dependent (Theoharides & Konstantinidou, 2007).

The effect of CRH may be relevant to the behavioral manifestations of ASD. ASD patients had
high anxiety levels and were unable to handle stress appropriately (Gillott & Standen, 2007).
Evening cortisol levels positively correlated to daily stressors in children with autism (Corbett
et al., 2009). Moreover, increase in age of autistic children correlated with increased cortisol
levels during social interaction stress (Corbett et al., 2010). CRH has also been shown to
increase intestinal permeability of human colonic biopsies, while maternal separation stress
and CRH are associated with a dysfunctional mucosal barrier in rodents (Soderholm et al.,
2002). A short period of restraint (Chandler et al., 2002) or maternal deprivation stress (Teunis
et al., 2002) also increased the severity of experimental autoimmune encephalomyelitis.

The presence of maternal stress may explain why children born within a year of the first
child that developed autism had a much higher chance of developing autism than if they
were born two years later (Cheslack-Postava et al., 2011). Increased circulating CRH, directly
or through immune cell release of other inflammatory and vasoactive molecules, can disrupt
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the gut-blood-brain barriers during gestation and/or infancy and permit absorption of
intestinal-derived inflammatory and neurosensitizing mediators.

6. Other perinatal risk factors

High weight gain in pregnancy has been considered an independent risk factor for autism in
the offspring (Stein et al.,, 2006). Even though a clear mechanism is lacking, leptin is
suspected to play a major role. Obese subjects have higher leptin levels than normal weight
subjects (Considine et al., 1996; Dardeno et al., 2010). Additionally, it has been suggested
that elevated plasma leptin levels during pregnancy are indicative of placental dysfunction
(Hauguel-de et al., 2006). Placental insufficiency, possibly associated with anoxia, may also
contribute to autism in the offspring (Glasson et al., 2004).

Elevated plasma leptin levels were reported in children with regressive autism (n=37),
compared with typically-developing controls (n=50) (Ashwood et al., 2007). One group also
measured the variation of circulating leptin at baseline and after one year of follow-up in 35
patients with “classic autism” (according to DSM-IV criteria) aged 14.1+5.4 years old. The
authors reported significantly higher leptin values in the patients versus the controls
(24.1£17.8 ng/ml vs 9.8+3.2 ng/ml at baseline; 33.5£21.4 ng/ml vs 11.1+3.9 ng/ml at one
year), and leptin concentrations were not associated with obesity or pubertal status (Blardi
et al., 2010). It is still unclear, however, if the alteration of leptin levels in autism is a primary
event or a finding attributable to the disease. Plasma levels of leptin have also been
investigated in patients with Rett syndrome (n=16), where it was found that leptin was
significantly increased compared to healthy controls (n=16), but also did not correlate with
obesity (Blardi et al., 2008), suggesting that there may be more to the actions of leptin in
neurodevelopment than weight balance.

The immunomodulatory properties of leptin were first reported on a mouse model, in
which obese mice were found to have impaired cell-mediated and humoral immunity,
attributed to possible lack of leptin (Chandra, 1980). The epigenetic status in adulthood was
shown to be directionally dependent on prenatal nutritional status (Gluckman et al., 2007)
and neonatal leptin administration late in the phase of developmental plasticity was able to
reverse the developmental programming in rats (Vickers et al., 2005). Mast cells also express
leptin and leptin receptors, a finding implicating paracrine or autocrine immunomodulatory
effects of leptin on mast cells (Taildeman et al.,, 2009). Locally released leptin from T
lymphocytes doesn’t seem to play a major role in immunoregulation in mouse models of
intestinal inflammation, suggesting other sources of leptin as critical in modulation of the
inflammatory response (Fantuzzi et al., 2005). Despite evidence supporting the role of leptin
in immune processes (Lago et al., 2008; Matarese et al., 2005), its precise role in inflammation
remains incompletely understood.

7. Oxidative stress and prematurity

A variety of events associated with poor fetal growth or preterm birth are also associated
with oxidative stress. These include maternal infection and inflammation that lead to
increased lipid peroxidation, but more importantly to alterations in the expression of many
genes associated with adverse perinatal outcomes (Ingelfinger, 2007).

Considerable evidence indicates that oxidative stress may be increased in patients with
ASD, possibly due to their decreased ability to neutralize free radicals. An earlier study
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showed increased levels of plasma malondialdehyde, a marker of oxidative stress, (p<0.05)
in the blood of mothers who delivered preterm and in the cord blood of their preterm
neonates, compared to the levels in samples from term deliveries (Joshi et al., 2008). Preterm
birth is associated with increased generation of reactive oxygen species (ROS), which places
these infants in high risk for injury (Davis & Auten, 2010). In fact, a recent study identified
an increase in the oxidative stress marker non-protein bound iron (NPBI) in the cord blood
of 168 preterm newborns of gestational age 24-32 weeks (Perrone et al., 2010), suggesting
that early identification of neonates at-risk is possible.

The impact of environmental oxidants in the etiology of autism is associated with brain
region-specific changes in oxidative stress markers, such as 3-nitrotyrosine (3-NT) and
neurotrophin-3 (NT-3), in ASD (Sajdel-Sulkowska et al., 2008; Sajdel-Sulkowska et al., 2011).
Deficiencies in anti-oxidant enzymes might, in certain cases, be associated with mercury
toxicity, which was shown to be tightly bound to and inactivate thioredoxin (Carvalho et al.,
2008). In fact, cytosolic and mitochondrial redox imbalance was found in lymphoblastoid
cells of ASD children compared to controls, an event exaggerated by exposure to thimerosal
(James et al., 2009).

Several studies have suggested a link between oxidative stress and the immune response
(Viora et al., 2001). Because immune cell functions are specially linked to ROS generation,
their normal functioning is largely dependent on the oxidant/antioxidant balance. A strong
association between oxidative stress and autoimmunity was shown in a group of 44
Egyptian autistic children, 88.64% of whom had elevated plasma F2-isoprostane (a marker
of lipid peroxidation) and/or reduced glutathione peroxidase (an anti-oxidant enzyme),
compared to 44 age-matched controls. Anti-neuronal antibodies were found in 54.5% of the
same cohort, implying immunomodulation (Mostafa et al., 2010). Several groups have
hypothesized that oxidative stress is the mechanism by which prenatal LPS affects offspring
neurodevelopment (Lante et al., 2008; Paintlia et al., 2008). Potential therapies for oxidative
stress and ROS-induced morbidities in the preterm infant include both enzymatic and
nonenzymatic antioxidant preparations (Lee & Davis, 2011), such as the naturally-occuring
flavonoids quercetin and luteolin (Cotelle, 2001; Middleton, Jr. et al., 2000). Quercetin
inhibits mast cells (Kandere-Grzybowska et al., 2006), and also inhibited and reversed acute
stress-induced autistic-like behavior and the associated reduced brain glutathione levels in
mice (Kumar & Goyal, 2008). Luteolin can also block mast cell activation and
superstimulation of activated T-cells (Kempuraj et al.,, 2008; Theoharides et al., 2007a).
Luteolin and its structural analog diosmin prevented MIA-induced behavioral deficits in the
mouse offspring by blocking the IL-6-induced JAK2/STAT3 (Janus tyrosine kinase-2/signal
transducer and activator of transcription-3) signaling pathway, both in vivo and in vitro
(Parker-Athill et al., 2009). A luteolin-containing dietary supplement, Neuroprotek® was
recently made available to help the body reduce brain inflammation.

8. Conclusion

A number of findings suggest the presence of different biological endophenotypes in ASD
(Persico et al., 2008), as well as between early-onset and regressive autism, with the latter
being associated with poorer outcomes in social reciprocity, verbal IQ and more
gastrointestinal symptoms, according to caregiver interviews (Richler et al., 2006).

Increasing evidence indicates that perinatal immune activation, in the mother and/or the
fetus, could adversely affect neurodevelopment. Moreover, mast cell activation during this



276 Autism — A Neurodevelopmental Journey from Genes to Behaviour

period by environmental, infectious, neurohormonal and immune triggers appears to be
involved in gut-blood-brain barrier disruption and subsequent brain inflammation.
Reduction of stress during gestation and infancy, potential use of specific CRH receptor
antagonists, as well as drugs that could prevent BBB disruption, or block brain
inflammation may prove useful in at least a subgroup of infants at high risk for developing
autism. These goals may be at least partly achieved by the use of mast cell blockers.
Unfortunately, there are no clinically effective mast cell inhibitors, and the available
disodium cromoglycate (cromolyn) has proven a weak inhibitor of human mast cells
(Theoharides & Kalogeromitros, 2006). Instead, flavonoids such as luteolin are anti-
inflammatory and neuroprotective (Dirscherl et al, 2010), and can inhibit mast cell
activation (Asadi et al., 2010).
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1. Introduction

Evidences related to the fact that there is a immunological functional disorder in autism are
gradually increasing. Since immunological mechanisms play a role in the neuronal cell
migration, axonal development and formation of synapses, it is mentioned that there is an
immune - mediated inflammatory period exists (Bradstreet et al. 2007).

Central nervous system and immune system are systems which are in interaction with each
other and which are complex and highly developed (Ashwood and Water 2004). Immune
cells and molecules play an important role in forming the brain functions by affecting the
cognitive and emotional processes. These molecules have various effects such as infection,
inflammation and injury on neural tissues, the modulation of central nervous system
response and systematic response. It is indicated that proinflammatory cytokines such as
interleukin (IL) - 1, IL -6, IL - 12, interferon (IFN) gamma and tumor necrosis factor (TNF)-
alpha in particular directly affect the neural function and development by playing a role in
the neurodevelopmental process. Applying the cytokines such as IFN - alpha, IL - 2, TNF-
alpha at therapeutical doses lead to the symptoms such as depression, sleep disorder,
defects in cognitive functions, motivational change and decline in behavior of making
research. It is reported that cytokines applied systematically may lead to increase in
hypothalamus, hippocampus and nucleus accumbance and in noradrenergic, dopaminergic
and serotenergic metabolism, and it may change the synaptic plasticity and therefore may
affect the memory and learning processes (Ashwood et al. 2006). Findings which states that
response of maternal immune to the infection, affect the fetal brain development through
the increase in the cytokine level on circulation and which are collected from animal models
support the role of immune system in the etiology of autism (Yamashita et al. 2003,
Patterson 2002). It is mentioned that there is “abnormal” immune findings exists in 15 - 60 %
of the autistic children (Pardo et al 2005).

Two basic immune fuctional disorders in autism are associated with immune formation that
includes autoimmunity and proinflammatory cytokines. The decline in the number of the
CD4 lymphocyte numbers, the change of balance of T helper cell type 1(Th1)/ T helper cell
type 2 (Th2) in the direction of Th2 and the response corruption of Thl (corruption in cell -
mediated immunity), the decline in the T lymphocyte response against mitogens, the decline
in the natural killer’s functions and corruption shown by declined IgA level in humoral
immunity are among immune system abnormalities indicated in autism (Cohly and Panja
2005, Careaga et al. 2010).
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It is put forward that infectious agents such as lead and measles virus are two basic
environmental triggers and the environmental exposure to the lead affects the immune
balance in a negative way. Although viruses trigger the process related to the autism, the
basic devastating factor is the cytokines that are activated following the infection. In autism,
inflammatory agents are generally related to the astrocytes and microglial cell activation.
The existence of chronic microglial activation is indicated on the brains of autistic
individuals. In autism, there is an increase in the proinflammatory chemokines and
modulator cytokines (Cohly and Panja 2005). Detected increase in the level of
proinflammatory cytokines such as IL - 6, TNF - alpha and monocyte chemoatractan
protein 1 (MCP - 1) in the brain samples and cerebrospinal fluid indicates that active neural
inflammatory process is continuing in autism (Careaga et al. 2010). TNF- alpha is a strong
immunomodulatory cytokine that is produced by macrophages and partly by active T cells.
As well as its important function in the development of brain, it may have a role in the
arrangement of glutamatergic transmission. It is put forward that TNF - alpha levels may be
the indicator of possible inflammatory damage in autistic disorder (Chez et al. 2007). In the
study performed by Jyonouchi and his collegues (2001) an increase in the serum of TNF -
alpha, IL-1f3 and IL-6 levels in autistic individuals is indicated and the existence of improper
hereditary immune response in autism is mentioned. However, there is various study
results in which no change is observed in the levels of serum of TNF - alpha in autistic
disorder (Giiney et al. 2008). In different study, increased serum IL - 12 and IFN - gamma
levels are determined and no significant change is reported on IFN-alpha, IL-6, TNF-alpha
serum levels (Singh 1996). It is indicated that there is a decline occur on anti - inflammatory
cytokine levels such as IL - 10 and transforming growth factor beta (TGF-P) on autistic
individuals. However, in all studies made in this field no consistent results in terms of
cytokine patterns could be provided (Careaga et al. 2010).

Studies in which an increase on autoantibody unique to the brain is indicated support the
autoimmune mechanism. In the serum of autistic individuals, autoantibodies against the
proteins (myelin basic protein, neuron axon, filament protein, glial fibrillary acidic protein)
limited by nervous system are observed (Schmitz and Rezaie 2008). In a study carried out by
Singh and Rivas (2004), antibodies are determined against caudat nucleus (49%) cerebral
cortex (18%) and cerebellum (9%). It is put forward that these autoantibodies lead to
symptoms observed in autism by corrupting neurological functions. Furthermore
autoantibodies against receptor of serotonin are observed on autistic individuals (Singh et
al. 1997).

In particular for HLA (human leukocyte antigen) gens, it is thought that many gens have
relation with risk increase in the formation of certain autoimmune diseases. Different HLA
haplotypes are also associated with neural developmental disorders like autism. Many HLA
haplotype especially HLA - DR 4 is more frequently observed on autistic children than the
general society. HLA genes are within a large genomic region called MHC (major histo -
compatibility complex). This region includes a vast of genes. One of these genes is the
complement protein C4 gene which is important for natural immunity (Careaga et al. 2010).
The relation of complement 4B null allele with autism related to various autoimmune
diseases was examined by Mostafa and Shehab (2010). It is indicated that in Egyptian
children C4B null allele frequency is significantly higher. The relation of other gens such as
macrophage migration inhibitor factor (MIF) gen and serine and threonine kinase C gen,
PRKCB with autism is indicated (Careaga et al. 2010).
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In many studies, a meaningful relation between familial autoimmunity and autism is found.
It is associated with autistic characteristics such as the existence of the familial history of
allergic/ autoimmune disease, regression and such as increased head circumference (Croen
et al 2005, Molloy et al. 2006, Sacco et al. 2007). It is indicated that in the family of autistic
individuals the number of autoimmune disease is much more (Comi et al. 1999). When
family members with autoimmune disease goes up from 1 to 3, autism risk will increase and
probability ratio goes up from 1.9 to 5.5. The most common autoimmune diseases in these
families are diabetes mellitus type 1, adult rheumatoid arthritis, hypothyroidism, celiac
disease and systemic lupus erythematous. Yet in a study performed by Croen and his
collegues (2005) the relation between the existence of autoimmune disease in mother (auto-
immune diseased mother) and autism was supported. It is claimed that rather than a
specific disorder in mother, a general immune function disorder will have relation with the
increase in autism risk. (Careaga et al. 2010).

The fact that autoantibodies against the critical neural components of fetal brain structure of
some mothers of autistic children is detected, shows the possible potential mechanism in the
form of transmissing the antibodies to the fetus developing in pregnancy of the mother. It is
thought that anti - fetal brain autoantibodies that are available nearly on 12 % of the
mothers of autistic children are connected to the neuronal targets during the formation and
therefore they affect the neuronal formation. The view stating that antibodies isolated from
the mother by animal models may affect the neural formation in the early period and
therefore it may lead to behavioral changes (Careaga et al. 2010).

In line with the studies made in order to understand the neurobiology of autism, it is
indicated that immunological factors also play a role in the etiopathogenesis of the disorder.
Various findings such as the existence of antibodies against neural antigens and
autoimmune disease history in the family support the possible role of immunological factors
in autism. Although so far achieved symptoms make contribution to data that are related to
the neurobiology of autism, they don’t affect the diagnosis and treatment of autism. In the
future, it is aimed to use these data in the separation of autism from other
neurodevelopmental disorders and during the diagnosis and treatment process.

2. Neurotrophic factors

Several lines of evidence suggest that cytokines, growth factors and neurotrophic factors
play particular signaling roles with in the brain to produce neurochemical,
neuroendocrinological and behavioral changes (Hashimoto et al. 2003). Neurotrophic factors
play an important role in the development of peripheral and central nervous system.
Neurotrophic factors have an important function in the neurodevelopmental process for
survival and differentiation of neurons, and regulation of their functions. Last findings
showed us that the pathophysiology of autism is associated with neurotrophic factors. It is
suggested that in some of the abnormality of neurotrophic factors may be implicated in
mechanism associated with neural dysfunction in autism (Nelson et al 2006, Suzuki et al.
2007, Toyoda et al. 2007).

Neurotrophic factors comprise a range of different protein superfamilies. The well-known
group among neurothrophic factors are neurotrophins. Nerve growth factor (NGF), brain-
derived growth factor (BDNF), neurotrophin (NT)-3, NT-4, NT-5 ve NT-6 are members of
neurotrophin family. Other than the neurotrophins, neurotrophic superfamilies contain too
many protein families such as neurokines (for example ciliary NTF (CNTF) and leukaemia
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inhibitory factor (LIF) ), insulin-like growth factors (for example, IGF-1 and IGF-2),
fibroblast growth factors (for example FGF-1, FGF-2), as well as transforming growth factor-
B (TGE-P) super family and epidermal growth factor superfamily (Barde 1990, Gotz et al.
1994, Barbacid 1995, Nickl-Jockschat and Michel 2011).

The most important member of neurotrophin family having too many functions such as
neuronal survival, target innervations and synaptogenesis in development of peripheral and
central nerveus system is BDNF. All the neurotrophins bind with lower affinity to the p75
receptor and with high affinity to receptors of the tyrosine kinase family: NGF binds to
TrkA, BDNF and NT-4 bind TrkB, NT-3 binds to TrkC (McKay et al. 1999). Neurotrophins
perform their biological functions through such receptors. In neuron differentiation process,
BDNF has too many roles such as neuronal survival, activity-dependent dendritic and
axonal outhgrowth/branching, synapse formation and neuronal plasticity (reviewed in
Polleux and Lauder 2004, Shieh ve Ghosh 1997). In various studies, the relationship
of BDNF gene with autism is examined. Nishimura and his collegues (2007) determined
increase of BDNF expression in autistic individuals. In different studies that followed, the
probable role of BDNF gene mutation in autism pathogenesis is supported (Cheng et al.
2009). In a recent study by which significant increase of BDNF serum levels are determined
in terms of autistic children, it is found that genetic variations of BDNF gene has no
significant effect on risk of autism. However, a significant relationship is reported between
neurotrophic thyrosine kinase, receptor, type 2=NTRK2 and autism (Correira et al. 2010).

In various studies, it is examined, whether there is any difference in the level of
neurotrophic factor in serum and cerebrospinal fluid (CSF) of autistic children or not. In a
study performed by Nelson and his collegues (2001), neonatal blood levels of neurotrophic
factors are examined in autistic children and non autistic children with mental retardation.
When compared with control group, in both groups, an important increase was observed in
BDNF and neurotrophin 4/5 neonatal blood levels. In autism and a heterogenic group with
cognitive functional defect, this result is very important in terms of indicating some
neurotrophins’ excessive express in peripheral blood taken in the early days of the life.
However it is unknown whether these substances are also at high levels in prenatal life or
not, or how long they remain at high levels in postnatal period. In their comprehensive
study, Nelson and his collegues determined when compared with control group, that there
is significant increase serum neurotrophin -4 and BDNF (the two TrkB ligands) in autism
spectrum disorders and mental retardation without autism, but there were no changes with
respect to NGF (trkA ligands) and neurotrophin-3 (TrkC ligands) levels. In line with these
findings, it is suggested that trkB ligands are expressed or secreted at higher levels in the
central nerveus system of children having autism or mental retardation during early infancy
(reviewed in Polleux and Lauder 2004). It is suggested that the effect of BDNF and
norotrofin-4 on activity dependent dendritic outgrowth and branching (McAllister et al
1996, 1997), is related to the early and transient brain growth observed in autistic babies
(Courchesne et al. 2003, reviewed in Polleux and Lauder 2004).

This increased level of BDNF expression and/or secretion is thought to have a relationship
with the role of Methyl-CpG-binding protein 2 (MeCP2)in the control of BDNF
transcription (Chen et al. 2003) Mutation in MeCP2 gene is responsible for Rett Syndrome. It
is shown that MeCP2 binds selectively to BDNF promoter III and performs the function of
repressing the expression of BDNF gene (Shahbazian et al. 2002). The MeCP2 gene
mutations, by having effect on BDNF expression and potentially dendritic differentiation in
cortex, may become a risk factor for autism (reviewed in Polleux and Lauder 2004). For that
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purpose, in a study by which MeCP2 gene mutation in autistic individuals is researched, de
novo mutation is found in two girls (Carney et al. 2003).

In a different study on children with autism spectrum disorders, the existence of
autoantibodies against BDNF in the serum is shown together with the increase on the level
of BDNF, and it is put forward that there is an interaction between BDNF and immune
system (Connolly and et al. 2006). Morrison and Mason (1998) reported that the levels of
increased BDNF and neurotrophin-4 resulted in the decline in the purkinje cell number in
the existence of granular cells. Although it is suggested that changes in the levels of
neurotrophin on autistic individuals may be the primary factor in the formation of autism, it
is still not certain whether these changes are primary etiopathagenic mechanism or
secondary reaction against cortical changes (Pardo ve Eberhart 2007).

By taking the changes determined in serum BDNF levels in autism spectrum disorders,
Croen and his colleagues (2008) studied the usability of BDNF as an early biological marker
for autism. In their evaluation of BDNF concentrations in mid-pregnancy and neonatal
blood specimens, they found no differences between subjects with autism compared with
subjects with mental retardation or with general population controls. It is reported that in
critical period of early development, concentration of BDNF would not be a useful clinic
biomarker for autism (Croen et al. 2008).

In a different study, the age-related changes of serum BDNF levels were studied and it was
indicated that there were disturbances of BDNF level trajectories in autism cases. In healthy
controls, the serum BDNF concentration was found to be increased over the first several
years and decreased slightly after reaching the adult level. In the autism cases, mean levels
were significantly lower in children between 0-9 ages compared to teenagers or adults, or to
age-matched healthy controls, indicating a delayed BDNF increase with development. In the
same study, circadian changes, but not seasonal changes, were found in serum levels of
BDNF (Katoh-Semba et al. 2007).

There is a little number of studies that concentrated on CSF levels of neurotrophic factors.
Riikonen and Vanhala (1999) investigated CSF NGF levels in children with infantile autism
and children with Rett syndrome. It was indicated that mainly normal CSF NGF levels were
found in autism, whereas there were low to negligible values in Rett Syndrome.

TGEF-p signaling, is related with too many biological processes that cover cell growth,
differentiation and morphogenesis. By keeping in mind the key role of TGF-f in mental
development and in controlling immune responses, it was hyphothesized that TGF-$1 could
have a relationship with pathophysiology of autism. In various studies regarding autistic
children and adults, it was determined that when compared with control group, the serum
TNF-B1 levels were significantly lower in the autistic patients (Okada et al.2007, Ashwood et
al. 2008). It is suggested that this finding is in relationship with abnormalities in mental
development and immune process regulation, which have been observed in autistic
patients.

IGFs are peptides that regulate growth and differentiation as well as being synthesized in
most tissues including the developing central nervous system (Bach and Rechler 1995, Jones
and Clemmons 1995). It was shown that IGF 1 levels in CSF of autistic children were lower
and this might play a role in the pathogenesis of autism (Vanhala et al. 2001). Because IGF 1
is important for the survival of Purkinje cells of the cerebellum, it is put forward that low
concentrations of CSF IGF1 at an early stage might be linked with the pathogenesis in
autism (Riikonen et al. 2006).
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EGF is a member of growth factors which play an important role in the cellular proliferation
and the differentiation of the central and peripheral nervous system (Wong and Guillaud
2004). EGF has been suggested to be involved especially in the growth and survival of
midbrain dopaminergic neurons (Alexi and Hefti 1993; Casper et al. 1991; Casper and Blum
1995). The most effective drugs in autism treatment are antipsychotics which block dopamin
receptors; according to these findings it’s suggested that there might be dopaminergic
hyperactivity in autism pathophysiology. In a recent study, considering the role of EGF in
mental development, it’s relation with pathophysiology of autism was investigated and it
was demonstrated that levels of EGF were significantly lower in adults with high
functioning autism (Suzuki et al. 2007). Contrary to this finding, in a different study carried
out on a pediatric autistic group, serum EGF levels in children with autism were
significantly higher than those of age-matched normal healthy control subjects. This
difference determined among and between adult and pediatric age groups in terms of
serum EGF levels might be associated with possible developmental abnormality in the
regulation of EGF expression. It can be expected that EGF levels may increase in early ages
and begin to decrease as the autistic individual gets older (Iseri et al. 2011).

Due to the fact that behavioral symptoms and functional impairment degree are variable,
autism is defined as the heterogeneous symptom cluster that has different etiology and
pathology. Although phenotypic heterogeneity is the biggest obstacle in front of the
research carried out that are oriented to defining the etiology of the autism, the fact that
research techniques related to the biological factors are increased in the recent period and
that research made on such field has become widespread, is promising. Due to their key
roles during the neurodevelopment, neurotrophic factors have become one of the issues
focused on research carried out that are oriented to determining the etiopathogenesis of
autism. In most of the studies, significant differences were detected on the levels of serum
neurotrophic factor. Studies performed up to now showed that neurotrophic factors could
play a role in the pathophysiology of autism. However, it is necessary to integrate the
findings of those studies above with new studies investigating the anatomical and
functional changes on central nervous system of autistic patients in the future.
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1. Introduction

Autism spectrum disorders (ASD) are part of a broad spectrum of neurodevelopmental
heterogeneous disorders known as pervasive developmental disorders (PDD), which
include autism, Asperger’s syndrome, Rett’s disorder, and childhood disintegrative
disintegrative disorder. By description, ASD are characterized by impairments in verbal and
nonverbal communication and social interaction (Association, A. P., 1994), with onset
usually around the first 36 months of childhood. Repetitive, stereotyped, purposeless
behaviors as well as attention and sensory dysfunctions are common findings in patients
with ASD. Over the last few years, the prevalence of ASD has increased dramatically, and
this increase, cannot be attributed entirely to improved diagnostic techniques and increased
awareness only (Fombonne, 2003). Latest reports estimate that ASD affects approximately
one per one hundred persons, with a male-to-female ratio of four to one (4:1) (Fombonne,
2003). Despite that the fact there is increase in ASD research worldwide, the exact etiology of
autism and ASD remains largely unknown. Over the last few years, a scientific interest has
occurred in the close relationship of the immune system to the central nervous system
leading to considerable expansion in the field of psychoneuroimmunology. And currently it
is widely accepted that environmental factors can compromise the immune system. A multi
directional scientific approach has been adopted by many scientists in their research journey
as it is likely to result from a complex combination of environmental, neurological,
immunological, and genetic factors. There is emerging evidence and growing concern that a
dysregulated or abnormal immune responses play an important role in some forms of ASD.
In general, the associations between the immune and neurological systems are becoming
more evident in many neurological disorders. Behaviors such as mood and sleep can be
altered by cytokines and other products of immune activation, due to widespread effects on
neurons. Aberrant immune activity during the early critical periods of brain and neuronal
development could potentially play a role in neuronal dysfunction. Several efforts have
attempted to link dysfunctional immune activity and ASD, such as maternal immune
abnormalities during early pregnancy, increased incidence of familial autoimmunity, and
childhood vaccinations. Several lines of research have shown abnormalities of the immune
response in autism, including abnormal generation of antibodies, cytokines, and immune
cells. The following chapter is a review of current research linking immune dysfunction to
ASD.
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2. Neurological abnormalities in autism spectrum disorders

Neural development takes place during the early years of life. During this period of time,
neuronal differentiation, migration, axonal extension, and synapse formation takes place in
an accurately designed sequence of events. In ASD, many neurological abnormalities have
been found, which suggest that normal neurodevelopment was disturbed during a critical
time of development, which include proliferation, migration, differentiation,
synaptogenesis, gliogenesis, myelination, and apoptosis of neurons (Rice & Barone Jr., 2000).
This critical time period extend from embryonic stage up until adolescence, with period of
overlap at some stages. Quarter of autistic patients undergo a period of autistic regression,
around 18th-24th months of age, during which they experience loss of previously acquired
language and behavioral skills (Fombonne, 2003). Postmortem and neuroimaging magnetic
resonance imaging (MRI) studies played an important role in the discovery of many
neurological abnormalities in autistic patient’s brains. These studies have suggested that
many major brain structures may be affected in autism, including cerebellum, cerebral
cortex, amygdala, hippocampus, corpus collosum, basal ganglia, and brain stem
(Akshoomoff et al.,2002; Acosta et al., 2004; Courchesne et al., 2001). These abnormalities
suggest multiple periods of prenatal onset. Furthermore, brain regions implicated in ASD
tend to develop more slowly and are more vulnerable to disturbances. Cerebellar
abnormalities have been observed as the most consistent finding in ASD, targeting in
particular Purkinje and granular cells (Courchesne, 2002). Another important area which
was found to be abnormal in ASD is the limbic system. The limbic system, whose
components include the amygdala, hippocampus, cingulate gyrus, and septal nuclei,
consists of a group of nuclei unified by a common function. The limbic system controls
emotional behavior and any changes in body state that accompany this behavior, such as
heart rate blood pressure, and respiration rate. Due to its role in emotion, the limbic system
is of major interest in ASD patients; so far, the abnormal findings include increased cell
packing and small neuronal size, indicative of cellular, maturational arrest (Akshoomoff et
al., 2002; Palmen et al., 2004). Other neurological abnormalities described in ASD are
abnormal EEG findings: around third of children with ASD develop epilepsy by adolescence
(Volkmar et al., 1999), and an additional, significant minority has subclinical epilepsy, as
measured by epileptiform encephalogram, especially during sleep (Tuchman et al., 1991).
These findings clearly indicate that there are neurological involvements in ASD that affect
the development and differentiation of neurons in the brain.

2.1 Structural magnetic resonance imaging findings

Structural magnetic resonance imaging (SMRI) studies played a major role in highlighting
brain changes in ASD. SMRI confirmed the increase in total brain volume in autism, which
present as increase in head circumference, starting around 2 to 4 years of age (Hazlett et al.,
2005, Courchesne et al., 2001). This increase was attributed mainly to increase in total
cerebral white matter and total cortical gray matter. The inner zone of white matter,
especially the corpus callosum and internal capsule, showed no volume increase. The
volume of the outer radiate white matter was increased in all cerebral lobes but with a
frontal predominance. Collectively, these findings were interpreted as evidence of
overgrowth of short- and medium-range intrahemispheric corticocortical connections with
no detectable involvement of interhemispheric connections or connections between cortex
and subcortical structures. The onset of brain overgrowth coincided with the onset of the
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signs and symptoms of autism, signifying that the overgrowth was part of a pathologic
process that disrupted the development of normal brain structure and function in autism. A
recent study, by Jieun et. al., (2010), recruiting a narrow age range of children with ASD and
age-matched typically developing (TD) children, evaluating alterations in subregional
amygdalar morphology. The group showed a bilateral enlargement of laterobasal subregions
of the amygdala in 6- to 7-year-old children with ASD and that subregional alterations are
associated with deficits in social and communicative behavior (Jieun et al., 2010)

2.2 Functional magnetic resonance imaging studies findings

Further understanding of autism was made from functional magnetic resonance imaging
(fMRI) studies. During cognitive processing, subjects with autism use the same cortical
areas, compared to aged matched control. Important remarkable variations have been found
in the patterns of activation and in the timing or synchronization of the activation across the
cortical network recruited to perform different tasks. fMRI study of written sentence
comprehension has indicated that high-functioning adults with autism has relatively higher
levels of activation in the left posterior superior temporal gyrus (Wernicke) and relatively
lower levels of activation in the left frontal inferior gyrus (Broca) compared with age- and
IQ-matched controls (Just et al., 2004). In addition, a reduction in functional connectivity,
that is the correlation of the time series of the activation among cortical regions participating
in performance of higher order tasks, was noted. Lower functional connectivity relative to
the control group among participating cortical regions has been found in fMRI studies
involving language (Just et al., 2004; Kana et al., 2006) working memory (Koshino et al.,
2005), problem solving (Cherkassky et al., 2007), and social cognition (Castelli et al., 2002)
providing further evidence of a general problem with functional under connectivity, within
and between neocortical systems in autism. Functional imaging findings in autism have
been consistent with a cognitive style favoring the use of visuospatial coding strategies,
evident in increased reliance on extra striate and parietal regions (Manjaly et al., 2007). This
could reflect a disruption in fronto-striatal and fronto-parietal functional connectivity (Just
et al., 2007), abnormal activation within frontal and temporal regions has been related to the
linguistic difficulties in this population (Groen et al., 2008).

2.3 Cortical connectivity in autism spectrum disorders

Cortical connectivity was examined in autism spectrum disorders by comparing gyral and
sulcal thickness as indices of short- and longer-distance cortical connections (Hardan et al.,
2006). The results showed an overall increase in cortical thickness in 8 to 12year old boys
with autism compared to control. Furthermore, the study demonstrated that cortical
thickness in sulci (long connections) was greater (analogous to increased volume of outer
radiate white matter) than in gyri (short vertical connections), which is comparable to the
findings of Herbert and colleagues for white matter (Herbert et al.,, 2004). Another
significant finding was abnormalities in minicolumns structure in brain of autistic children.
Minicolumns are composed of radically oriented arrays of pyramidal neurons (layers II-VI),
interneuron’s (layers I-VI), axons, and dendrites. Minicolumns assemble into macrocolumns,
which form receptive fields. Minicolumns have been hypothesized to be the smallest radial
unit of information processing in the cortex, but this function has not been confirmed. In
autism spectrum disorders, reports indicate an increase in miniclomns number but narrower
in width, with reduced neuronal space, with smaller neuron cell bodies and nucleoli
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(Casanova et al., 2006). These abnormalities have been observed bilaterally in cortical areas 3,
4, 9, 17, 21, and 22. The description of these cortical abnormalities provides a critical
counterbalance to the numerous reports of increased white matter volume, which might
otherwise have led to a white matter model of autism. Findings of atypical patterns in both
functional and anatomical connectivity in autism have established that autism is a not a
localized neurological disorder, but affects many parts of the brain in many types of cognitive
tasks. fMRI studies repeatedly find evidence of decreased coordination between frontal and
posterior brain regions in autism, as measured by functional connectivity. In addition,
neuroimaging studies have also revealed evidence of an atypical pattern of frontal white
matter development in autism. These findings indicate that limitations of brain connectivity
give rise to the varied behavioral deficits found in autism. As research continues to investigate
these biological mechanisms, new intervention methods may develop to help improve brain
connectivity and overcome the behavioral impairments of autism.

3. Autoimmunity in autism spectrum disorders

3.1 General immunological findings in autism spectrum disorders

Autoimmunity develops when the immune system is inappropriately directed to recognize
and exert an exaggerated response to self components. The exact mechanism of
autoimmunity in autoimmune diseases is not identical, but they all have autoreactive
antibodies and T cells. The presence of antibodies directed against components of the CNS
in the sera of autistic children is indicative of an autoimmune process that may be involved
in the pathology of some cases of ASD. Almost with all autoimmune diseases, genetic,
immune and environmental factors, such as, diet, toxic chemicals and infections, play critical
roles in the development of the disease (Buehler, 2011; Vojdani et al., 2002; Kiberstis et al.,
2002). Casein, casomorphins, gluten (GLU) and gluteomorphins, the opioid peptides, which
is present in a range of food sources, are all implicated in the etiology of autism spectrum
disorders. These peptides can stimulate T-cells, induce peptide specific T cell responses, and
can lead to abnormal levels of cytokine production, which may result in inflammation,
autoimmune reactions and disruption of neuroimmune communications (Jyonouchi et al.,
2001). In autism spectrum disorders majority of children have wheat and milk protein
intolerance. And accordingly, removal of these peptides from the diets significantly
improves their conditions (Vojdani et al., 2002). Immunoglobulines, such as, IgG, IgM and
IgA, were detected, against nine specific neuron-specific antigens in the sera of children
with autism (Vojdani et al., 2002). These antibodies were found to bind with different central
nervous system molecules that have sequence homologies to a milk protein.

Long exposure to toxic, environmental or occupational chemicals, have been shown to
stimulate the production of autoantibodies to nervous system antigens. Titers of antibodies
against neurofilaments and myelin basic protein (MBP) correlated significantly with urinary
mercury and blood lead levels, the standard indicators of toxic exposure. In addition, levels
of these antibodies proved to correlate with sensorimotor deficits. Gut-associated lymphoid
tissues (GALT) can interact with toxins, chemicals and pollutants. If covalent reactions are
formed between the drugs or other chemical compounds and the GALT, this can lead to
immune responses and chemically-induced Type I- Type IV allergic reactions (Salama et al.,
1989). Many infectious agents including measles, Rubella virus and Cytomegalovirus
vaccines have long been suggested as etiologic factors in autism (Chess et al., 1978,;
Wakefield et al., 1998; Ivarsson et al., 1990).



Autoimmunity in Autism Spectrum Disorders 303

A complex communication system does exist between the nervous and the immune system,
during normal and pathological conditions. Alteration in brain function can result from
immune cells and molecules, such as cytokines and chemokines. This might affect cognition
and emotions. Furthermore, immune cells and immune molecules can result in neuronal
modulation of systemic CNS responses to infection, injury, and inflammation. The cytokines
have been shown to directly affect neural tissue function and development, especially the
proinflammatory cytokines such as interleukin (IL)-1, IL-6, IL-12, interferon-(IFN), and
tumor necrosis factor (TNF) (Jarskog et al., 1997; AL-Ayadhi, 2005a). Inflammatory cytokine
IL-6 can induce sleep, and TNF can provoke anorexia (Steinman et al., 2003; Tracey et al.,
1988). Cytokines have been suggested to be responsible for many common features of
autism, such as mood and sleep disturbances. In turn, neuropeptides, derived from the
central and peripheral nervous system, have profound effects on the immune system,
including the chemotaxis and recruitment of innate immune cells (Tracey et al., 1988). A
dysregulated immune function has been suggested by many scientists. Systemic,
immunologic abnormalities in autism have been related to autoimmunity, leading to the
generation of antibodies that are reactive to CNS proteins and have the potential for
neuronal tissue destruction, or leading to an inappropriate or ineffective immune response
to pathogen assault (Korvatska et al., 2002). Several immune abnormalities, suggestive of,
dysregulated immune response reported in autistic children include incomplete or partial T
cell activation evidenced by increased numbers of T cells without the expression of the -2
receptor (IL-2R) (Warren et al., 1986; Plioplys et al, 1994), dysregulated apoptosis
mechanisms (Korvatska et al.,, 2002), decreased peripheral lymphocyte numbers [30],
decreased response to T cell mitogens (Warren et al., 1986; Stubbs et al., 1977) and the
imbalance of serum Ig levels [30, 57]. Furthermore, immune-based genes including class II
HLA-DRBI1 alleles, class III complement C4 alleles, and HLA-extended haplotypes have
been linked to autism spectrum disorders (Odell et al., 2005; Torres et al., 2001).

Animal models have also contributed to strengthening the dysregulated immune system
hypothesis in the etiology of autism spectrum disorders which indicate that the maternal
immune response to infection can influence fetal brain development via increased levels of
circulating cytokines (Yamashita et al., 2003; Patterson et al.,, 2002). Mouse models of
maternal influenza virus infection at mid-gestation have similar neuropathological and
behavioral abnormalities in the offspring, which are consistent with those seen in autism
and were again suggestive of a strong immune component (Patterson, 2002; Shi et al., 2003).
Furthermore, infection of neonatal rats with Borna disease virus (BDV) leads to neuronal
death in the hippocampus, cerebellum, and neocortex and a behavioral syndrome that has
similarities to autism (Hornig, 2002). These abnormalities are correlated with major
alterations of cytokine expression in various brain regions, indicating a likely role of
cytokines as mediators of CNS injury in this model (Buehler, 2011; Plata-Salaman et al., 1999;
Sauder & de la Torre, 1999).

Autoimmunity was first linked to autism in a study of an autistic child, with strong family
history of autoimmune diseases (Money et al., 1971). This study suggested that an inherited
risk of autoimmunity could increase the risk of developing autism. Another study,
investigated the frequency of autoimmune disorders in family members of 61 ASD children
and 46 typically developing normal controls, and showed the mean number of autoimmune
disorders to be greater in families with autism (Comi et al., 1999). In most of these cases, the
individual with the autoimmune disorder was a first-degree relative (i.e., a sibling or a parent)
of the autism child (Comi et al., 1999). A variety of anti-brain antibodies have been found in
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autistic patients, including autoantibodies to serotonin receptor , myelin basic protein (MBP),
neuron axon filament protein, cerebellar neurofilaments, nerve growth factor, 2-adrenergic,
adrenergicbinding sites, anti-brain endothelial cell proteins, and antibodies directed against an
as-yet unknown brain protein (Rosse et al., 2011; Buehler, 2011; AL-Ayadhi, 2005b; Singh et al.,
1993; Singh et al., 1997; Todd et al., 1988; Connolly et al., 1999; Silva et al., 2004; Todd &
Ciaranello, 1985). However it is still unclear as to the pathophysiological significance of these
antibodies reported in children with ASD. For instance, increased autoantibodies is suggestive
of increased neuronal damage, as is the case in multiple sclerosis, and other autoimmune
diseases, where following demyelination, MBP is unmasked, and there is a subsequent
generation of antibodies. Nevertheless, evidence of demyelination in autism has remained
indefinable (Rumsey & Ernst, 2000). In one study, Glial fibrillary acidic protein (GFAP)
measured in the CSF of 47 ASD children, was significantly elevated compared with 10 age-
matched control children, suggesting that gliosis and unspecific brain damage may occur in
autism (Ahlsen, et al., 1993). However, as GFAP correlates strongly with age, this is likely to be
the result of age-dependent expansion of fibrillary astrocytes, and hence the data needs to be
interpreted cautiously (Delneste, et al., 1999). Nevertheless, the importance of the presence of
serum antibodies to brain tissues, regardless of the absence of neuronal damage is to be
acknowledged. Singh and Rivas (2004), demonstrated antibodies directed to the rat caudate
nucleus (the portion of the brain responsible for assembly of peripheral information) in 49% of
the autism patients evaluated, but in none of the control cases. The observations of elevated
anti-CNS antibodies in autism are at best unconfirmed and in some cases, such as serotonin
receptors and MBP, are contradictory. It is important to keep in mind the difficulty in
determining whether the autoantibodies present in the plasma of patients with autism
contribute to the development of the disorder or if they are a consequence of the disease. Also,
findings of autoimmunity in families of children with ASD suggest that in some patients,
autoantibodies that target the CNS may be a pathological or an exacerbating factor in the
neuronal development of children with ASD. However, increased autoimmunity may be
limited to a subset of autistic patients (Buehler, 2011; Singh & Rivas, 2004). An important
finding was reached by Wills research group (2009), they demonstrated that 21% the positive
autoantibodies samples, reacted intensely with GABAergic Golgi neurons of the cerebellum
while no samples from non-sibling, typically developing children showed similar staining
(Wills et al., 2009). Further more, Rossi et al., (2011), demonstrated that 42% of controls and
subjects with ASD were positively immunoreactive to some neural element, such as, cerebellar
Golgi, interneurons, molecular layer of the dentate gyrus, and neuronal nuclei. Interestingly,
children whose plasma reacted to brain tissue had scores on the Child Behavior Checklist
(CBCL) that indicated increased behavioral and emotional problems. Children whose plasma
was immunoreactive with neuronal cell bodies scored higher on multiple CBCL scales (Rossi
et. a., 2011).

It is quite interesting to mention the results of a large cohort study consisted of all of the
children born in Denmark from 1993 through 2004 (689 196 children). The study concluded
the following: associations between family history of type 1 diabetes, infantile autism and
maternal history of rheumatoid arthritis and ASDs were confirmed from previous studies. A
significant association between maternal history of celiac disease and ASDs was observed
for the first time. The observed associations between familial autoimmunity and
ASDs/infantile autism are probably attributable to a combination of a common genetic
background and a possible prenatal antibody exposure or alteration in fetal environment
during pregnancy (Nancy et al., 2011).
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3.2 Maternal immune system status findings

Maternal immune abnormalities such as autoimmune diseases, asthma, and allergies during
pregnancy were investigated for a link to autism by Croen and colleagues (Croen, et al.,
2005). They found no strong evidence linking maternal autoimmune diseases and autism.
However, it was found that mothers diagnosed with asthma or allergies during their second
trimester were more than twice as likely to have a child with autism (Croen, et al., 2005). To
date, no studies have demonstrated that ASD children have an increased frequency of other
autoimmune disease, the exception being whether ASD itself could be considered an
autoimmune disease. Furthermore, due to the fact that the manifestation of autoimmune
disease occur around the age of 30 and upward, and as the ASD cases studied are pediatric
cases, it is worth following up the ASD cases to determine whether more autoimmune
diseases will be observed as they mature. Serum from a mother with an autistic child was
found to bind to Purkinje cells and other neurons, when injected into gestating mice.
Furthermore, a behavioral change in mice was observed in the offspring, including altered
exploration, motor coordination, and changes in cerebrallar magnetic resonance
spectroscopy. On the other hand, mice injected with sera from mothers with typically
developing children showed no behavioral changes (Dalton et al., 2003). This study supports
the suggestion that maternal antibodies may influence neurodevelopmental processes in a
subset of autism cases.

Interlukin 1 (IL-1) plays a key role in mediating severe placental damage and
neurodevelopmental anomalies in offspring, as revealed by Girard et al. (2010). This group
demonstrated that at the end of gestation, exposure of pregnant rats to systemic microbial
product (LPS) triggers placental inflammation and massive cell death, fetal mortality, and
both forebrain white matter and motor behavioral alterations in the offspring. All these
effects are alleviated by the coadministration of IL-1 receptor antagonist, suggesting a
possible protective treatment against human placental and fetal brain damage (Gerard et al.,
2010)

3.3 Cytokines role in autism spectrum disorders

Cytokines (Chemokines) are a family of small proteins secreted by immune cells. They have
the ability to induce directed chemotaxis in nearby responsive cells. Some chemokines are
considered pro-inflammatory and can be induced during an immune response to recruit
cells of the immune system to a site of infection. These proteins exert their biological effects
by interacting with G protein-linked transmembrane receptors called chemokine receptors
found on the surfaces of their target cell. Several studies have demonstrated elevated plasma
levels of IL-12 and IFN- in autistic children compared with controls, with no changes for IL-
6, TNF- and IFN- (Singh, 1996) plasma levels, suggesting a potential TH1 shift. On the other
hand, another study demonstrated, higher plasma IFN- in 10 autistic children compared
with adult control subjects (Jyonouchi et al., 2005). Moreover, an increased plasma IFN-
levels were observed in 29 autistic children; with a positive correlation with the generation
of the intercellular CNS messenger and marker of oxidative stress, nitric oxide (NO)
(Sweeten et al., 2004). The same research group observed that the macrophage product
neopterin, was higher in serum samples from individuals with ASD compared with
controls, which may reflect increased cell-mediated immune activation and IFN- production
(Sweeten et al.,, 2003). Higher IFN- and neopterin levels correlated significantly with
elevated, circulating numbers of monocytes observed in autistic children (Sweeten et al.,
2003) with elevated urine levels of neopterin and biopterin (Messahel et al., 1998).
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In cell culture experiments, in which intracellular cytokine production was examined in 20
autistic patients, compared with 20 aged-matched controls, intracellular production of IL-4
was increased, with a reduction in IFN- and IL-2 in CD4 and CD8 lymphocytes following
stimulation (Gupta et al., 1998), suggestive of a TH2 bias. In vitro studies of peripheral blood
mononuclear cells stimulated with lipopolysaccharide (LPS), showed an inappropriate
innate immune response evidenced by amplified production of proinflammatory cytokines
TNF- and IL-1 in ASD patients compared with controls (Jyonouchi et al.,, 2001). This
immune dysregulation of increased TNF- was also found in primary sibling family members
of patients with ASD, indicating a possible similar genetic susceptibility in the patients
studied. This emphasizes the importance of carefully controlled, age-matched studies in the
field of ASD. Moreover, the diversity of the findings reinforces the idea that ASD consists of
many different phenotypes, which share the same behavioral commonalities. Cytokines can
activate and exert trophic effects on glial cells, which can in turn produce cytokines and
chemokines upon such activation. Cell culture studies have shown that neuropoietic
cytokines such as IL-6 can have direct effects on neurons and glia, including changes in
proliferation, survival, death, neurite outgrowth, and gene expression (Gadient. & Patterson,
1999; Mehler & Kessler, 1998). As the CNS is populated largely by astroglia and microglial
cells, these cytokine-cell interactions are important for neuronal cell functioning and
development. Immune activation in postmortem brain specimens and CSF from subjects
with autism have found neuroinflammation in the cerebral cortex and cerebellum of brain
tissue in autism was found. This inflammatory process was characterized by a marked
cellular activation of microglial and astroglial cells and the presence of an altered cytokine
pattern. In addition, there was an accumulation of perivascular macrophages and
monocytes but an absence of lymphocytes and antibody from the brain specimens,
suggestive of an innate immune activation. In addition, an enhanced proinflammatory
cytokine profile was observed in their CSF. Abnormal immune responses in the neuroglia of
autistic patients was suggested, which in turn may influence neural function and neural
development, and an aberrant immune response may contribute to the development of
autism. In general, the brain and CNS are considered to be protected and isolated from
potentially harmful pathogens or agents within the blood, including inflammatory immune
cells and proteins, by the blood brain barrier (BBB). Cytokines however, can gain entry into
the brain through active transport mechanisms or at circumventricular regions, where the
barrier is less controlling (Wilson et al., 2002). Impairment of the BBB function may happen
as a result of binding of cytokines and inflammatory mediators to receptors on the
endothelial cells directly. In addition, cytokines can migrate into the brain from the blood
via the CSF to the choroid plexus or from the blood to either the subarachnoid space or
parenchymalperivascular space, resulting in alteration in immune responses and production
of cytokines (Ransohoff et al., 2003).

Peripheral cytokines can directly affect afferent neurons and their functions (Dantzer et al.,
1998). Immune organs such as bone marrow, thymus, spleen, and lymph nodes play an
important role in immune system development. Additionally, immune response is capable
of changing expression and distribution of neural receptors in these organs (Mignini et al.,
2003). Thus the relationship is reciprocal between immune system and neural receptors.
Cytokines can affect many behaviors such as, sleep, mood, appetite and nutritional uptake,
exploratory behavior, and, social interactions and communication. Systemic cytokine
administration at therapeutic doses of IFN-, IL-2, and TNF can result in mood changes, sleep
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disorder, decreased exploratory behavior, impaired cognitive function, and changes in
enthusiasm and motivation (Larson , 2002; Licinio et al., 1998). Systemic administration of
cytokines can produce an increased noradrenergic, dopaminergic, and serotonergic
metabolism in the hypothalamus, hippocampus, and nucleus accumbens and modulate
synaptic plasticity and thereby alter memory and learning (Zhao, B., & Schwartz, J. P., 1998).
Many studies have demonstrated abnormal levels of blood lymphocytes in autism.
Significantly decreased CD4 T cells have been observed in ASD (Warren et al., 1990; Denney
et al., 1996, Ferrante et al,, 2003; Yonk et al., 1990). In animal models, systemic T cell
deficiency in mice have been shown to result in learning and memory impairment, which is
reversible by T cell replacement (Kipnis et al., 2004). Furthermore, an incomplete or partial
activation of T cells following stimulation, with an increased expression of HLA-DR but not
the IL 2R chain (CD25), was observed in ASD (Engstrom et al., 2003; Plioplys et al., 1994).
NK cells are an important cytotoxic cell subset of the innate immune system and a major
producer of cytokine. Reduced levels of circulating numbers of NK cells number and
activity was observed in children with ASD and other related neurodevelopmental
disorders, such as, Rett syndrome, compared with controls (Fiumara et al., 1999; Warren et
al., 1987). In turn this reflects on its ability to eradicate or prevent viral infections in these
children, which could potentially be damaging to neural tissues during critical windows of
CNS development. Abnormal concentrations of plasma Ig classes have been observed in
some ASD children with increased IgG2, IgG4, IgM and IgG (Ashwood et al., 2003;
Croonenberghs et al.,, 2002; Trajkovski et al.,, 2004), highly indicative of an underlying
autoimmune disorder and/or an atypical susceptibility to infections.

Cytokines activity in the brain tissue of ASD and matching normal subject was examined by
Xiaohong et al., (2009). Results showed that proinflammatory cytokines (TNF- a, IL-6 and
GM-CSF), Thl cytokine (IFN-y) and chemokine (IL-8) were significantly increased in the
brains of ASD patients compared with the controls. However the Th2 cytokines (IL-4, IL-5
and IL-10) showed no significant difference. The Th1/Th2 ratio was also significantly
increased in ASD patients. They concluded that ASD patients displayed an increased innate
and adaptive immune response through the Thl pathway, suggestive of a localized brain
inflammation and autoimmune disorder involvement in the pathogenesis of ASD (Xiaohong
et al., 2009). Flow cytometric analysis of NK cells demonstrated increased production of
perforin, granzyme B, and interferon gamma (IFNy) under resting conditions in children
with ASD. Following NK cell stimulation in the presence of K562 target cells (cells used to
assess NK cell cytotoxicity), the cytotoxicity of NK cells was significantly reduced in ASD
compared with controls. Furthermore, under similar stimulation conditions the presence of
perforin, granzyme B, and IFNy in NK cells from ASD children was significantly lower
compared with controls. Suggestive of possible dysfunction of NK cells, predisposing to the
development of autoimmunity and/or adverse neuroimmune interactions during critical
periods of development (Enstrom et al., 2009).

3.4 Neurokines role in autism spectrum disorders

Neurokines (neuropoietic cytokines), are neuronal related cytokines, that regulate cell
numbers in the nervous system and influence functional activities of neurons. They are
important mediators within the neuroimmune network. These factors are not produced
exclusively by brain cells and their activities are not restricted to neurons only. Factors with
neuropoietic activity include CNTF (ciliary neuronotrophic factor), CDF (cholinergic
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differentiation factor, LIF (leukemia inhibitory factor), Oncostatin M but also IL6, (BDNF,
NGF, NT-3, NT-4, NT-4, NT-6, GDNF) and factors produced in, or acting upon, the nervous
system such as bFGF, Interleukins, or TGF-beta.

There is continual communication between the immune and nervous systems with many
peptides playing a role in both. It has been proposed frequently that abnormalities in the
levels and actions of neurotransmitters or neuroactive compounds during early critical
windows of neurodevelopment may lead to the onset of autism. Neurotransmitters and
neuropeptides not only have important key roles in the development and organization of
neural tissue but also influence almost all body functions including the immune system.
Numerous transmitter systems, including acetylcholine, serotonin (5-HT), dopamine,
epinephrine, norepinephrine, oxytocin, vasopressin, glutamate, and _-aminobutryic acid
(GABA), have been studied in ASD (Lam et al., 2006). For example, in postmortem brain
specimens obtained from patients with ASD, there was a 48- 61% decrease in glutamic acid
decarboxylase, an enzyme that converts glutamate into GABA, in the parietal and cerebellar
regions of the brain compared with controls (Fatemi et al., 2002). In ASD, this may cause
suppression of the GABA-ergic system, resulting in heightened stimulation of the glutamate
system, which has been associated with seizures. A positive intens autoantibodies reaction
with GABAergic Golgi neurons of the cerebellum in 21% of children with ASD, were
demonstrated, while no samples from non-sibling, typically developing children showed
similar staining reaction (Wills et al., 2009), which in favor of the autoimmunity theory.
Second, excitotoxic damage of neurons, possibly resulting from glutamate hyperactivity,
may result in abnormal, structural development of the brain (Bittigau & Ikonomidou, 1997).
The neurotransmitter serotonin has a wide range of affects on normal physiological
functions including circadian rhythms, appetite, mood, sleep, anxiety, motor activity, and
cognition. Serotonin is detected, not only in neurons of the nervous system but also in
platelets and lymphocytes of the immune system, where it can exert dose-dependent,
suppressive, or proliferative effects. In normal development, serotonin levels are high in the
brain up to the age of five and then decrease dramatically (Muzik et al., 1999). Serotonin
levels increase in the hypothalamus, hippocampus, and cortex in response to various
cytokines, such as IL-1, IFN (Zhao & Schwartz, 1998; Simmons, & Broderick, 2005).
Moreover, enzymes that control the conversion of tryptophan into serotonin are under the
influence of IFN- and IL-1 (Wirleitner et al., 2003). Increased serotonin levels in peripheral
blood platelets have been described in approximately one-third of patients with autism
(Anderson et al., 1990). It is interesting that selective serotonin (5-HT) reuptake inhibitors
(SSRIs) have been shown to be beneficial in treating obsessional and repetitive behaviors in
some ASD patients sometimes (McDougle et al.,, 1996). The reason for the difference in
serotonin levels is unknown; potentially, it may be a result of the presence of inflammatory
cytokines or more likely, to alterations in the platelets themselves, which could modify
serotonin uptake (Cook et al., 1996). In spite of the fact that imaging studies demonstrated a
reduction in brain serotonin system. However, sometimes, treatment with SSRIs, produce a
worsening of the symptoms. And accordingly, Azmitia et al., (2011), examined 5-HT axons
that were immunoreactive to a serotonin transporter (5-HTT) antibody in a number of
postmortem brains from autistic patients and controls with no known diagnosis who ranged
in age from 2 to 29 years. Results from this study, demonstrated, a fine, highly branched,
and thick straight fibers were found in forebrain pathways, such as, medial forebrain
bundle, stria terminalis and ansa lenticularis. Many immunoreactive varicose fine fibers
were also seen in target areas, for example, globus pallidus, amygdala and temporal cortex.
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Morphometric analysis of the stained axons at all ages studied indicated that the number of
serotonin axons was increased in both pathways and terminal regions in cortex fro