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Foreword

The book entitled “The Molecular Basis of Autism” has brought together over 40 
autism experts to combine their expertise in defining the biological basis of this se-
vere neurodevelopmental disorder. The book comprehensively describes the latest 
research on the roles of potential biomarkers (i.e., oxytocin, neurexins, and neuro-
ligins) and classical neurotransmitter systems (i.e., γ-aminobutyric acid (GABA), 
glutamate, dopamine, acetylcholine, and serotonin) as well as the epidemiology, 
genetics and epigenetics of autism. Its overall importance may lie in the descrip-
tion of emerging findings related to potential novel treatments and biologically 
based diagnostic methods. For example, deficits in GABAergic and glutamatergic 
signaling have been replicated in human and animal experiments. Aberrations in 
glutamatergic transmission are also described, for instance the increased levels of 
metabotropic glutamate receptor 5 (mGluR5) that have been observed in subjects 
with idiopathic autism as well as fragile X syndrome (FXS), and also in a mouse 
model of FXS. These findings might open new avenues for therapeutic intervention 
such as the use of modulators for mGluR5. In conclusion, I believe that this collec-
tion of chapters will be important to the field of psychiatry as well as neurology, 
neuroscience, and pharmacology.

Arvid Carlsson, MD, PhD
Göteborg, Sweden
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Preface

Autism is a major, debilitating neurodevelopmental disorder with shared genetic 
and environmental etiologies and a rising prevalence. Since the initial discovery 
of this disorder by Leo Kanner, there has been an explosion of new knowledge 
about its etiopathogenesis. The Molecular Basis of Autism provides the current state 
of knowledge about the etiology and treatment of this disorder. In the following 
twenty chapters, various contributors present up-to-date discussions of the state of 
knowledge on important aspects of autism. In part one of the book, chapters cover 
clinical topics of interest such as history of discovery of autism, diagnostic features, 
epidemiology, genetics, epigenetics, immunology, neuroimaging, neuropathology, 
pharmacology and behavioral treatment modalities. In part two, chapters deal with 
involvement of a number of neurotransmitters, proteins, and brain markers that may 
influence etiopathogenesis of autism such as dopamine, glutamate, serotonin, oxy-
tocin, vasopressin, acetylcholine, Reelin, gamma-aminobutyric acid (GABA), frag-
ile X mental retardation protein (FMRP), neurexins and neuroligins, neurotrophins, 
as well as novel mechanisms of disease production such as cognition and motor 
control and oxidative stress and mitochondrial dysfunction in causation of autism. It 
is hoped that this timely collection of chapters will provide a comprehensive guide 
for scientists and clinicians regarding the biology of this disorder.

S. Hossein Fatemi, MD, PhD, FACPsych
Minneapolis, Minnesota
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Chapter 1

A Brief History of Autism

Fred R. Volkmar

© Springer Science+Business Media New York 2015
S. Hossein Fatemi (ed.), The Molecular Basis of Autism, 
Contemporary Clinical Neuroscience, DOI 10.1007/978-1-4939-2190-4_1

F. R. Volkmar ()
Child Study Center, Yale University, PO Box 207900, New Haven, CT 06520, USA
e-mail: fred.volkmar@yale.edu

Abstract In the 70 years that have elapsed since the first description of infantile 
autism considerable progress has been made. The official recognition of the condi-
tion in 1980 stimulated further research and around the same time the strong neu-
robiological and genetic aspects of autism began to emerge. Subsequent research 
has focused on issues of early diagnosis and intervention, understanding the neural 
mechanisms of autism, and approach to treatment. Unfortunately the research base 
varies considerably by age group with much research on younger individuals and 
rather little on adults—particularly older adults. Recent changes in diagnostic prac-
tice may complicate the interpretation of past, and future, research.

Keywords Autism · Autism spectrum · DSM-IV · DSM-5 · Diagnosis

1.1  A Brief History of Autism

Since its initial description in 1943 (Kanner 1943) interest in, and research on, au-
tism has increased dramatically. In the 20 years following Kanner’s classic descrip-
tion fewer than 50 peer reviewed papers on the topic appeared, but they increased 
gradually and then dramatically between 1973 and 1982 over 1000 papers appeared, 
and between 2003 and 2012 with well over 10,000 papers were published. This 
dramatic rise reflects several factors including early confusion about the diagnos-
tic validity of autism (particularly apart from childhood schizophrenia), confusion 
about social class association and etiology and confusion about basic aspects of 
phenomenology. In this chapter I succinctly review the development of autism as a 
diagnostic concept, advances in research and treatment, and social and public policy 
issues. It is, of course, important to understand that all these issues are inter-con-
nected, e.g., advances in treatment may have important policy implications which in 
term may impact research. As noted subsequently a range of materials on autism are 
now available (including on line reference works and lectures); the interested reader 
should review the original sources. An excellent review of the history of autism is 
provided by Adam Feinstein in his recent book (Feinstein 2010).
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1.2  Development of Autism as a Diagnostic Concept

Kanner’s work was a remarkably accurate description of the condition we know 
today as autism (or autism spectrum disorder) and continues to impact approaches 
to diagnosis as well as to research and treatment. As the first child psychiatrist in 
the U.S. Kanner reported 11 cases where the child seemed to come into the world 
with an inability to relate to other people. Kanner regarded this as one of two es-
sential features of the condition and emphasized the child’s lack of social interest 
in his use of Bleuler’s (1911) earlier term for autistic (self-centered) thinking in 
schizophrenia (the use of this term also, unfortunately immediately introduced con-
siderable confusion about the relationship of infantile autism and schizophrenia). 
Kanner was careful to site the work of Arnold Gesell (Gesell and Ilg 1943) on nor-
mative social development to highlight the significance of the social isolation. In 
addition to ‘autistic aloneness’ Kanner emphasized a second core feature which he 
termed insistence on sameness (or resistance to change). This referred to the often 
marked difficulties children with autism had in dealing with change in the environ-
ment. Over time the concept has come to include stereotyped motor mannerisms 
(presumed to help the child maintain sameness) as well as the unusual interests and 
idiosyncratic responses observed. In retrospect it was, and remains, quite striking 
that in many ways the child’s lack of interest in the social world was so very differ-
ent from the over engagement in the nonsocial world (a topic that has become an 
increasing focus of research).

In addition to the confusion caused by Kanner’s use of the word autism his oth-
erwise excellent initial description also included a few observations that mislead 
early investigators. For example, he suggested that there was apparently normal 
intellectual potential (given performance on some—usually nonverbal—parts of IQ 
tests), that other medical conditions were not apparently present (given the lack of 
obvious physical stigmata and attractive appearance of the children), and, in his 
original report, there appeared to be a strong association with social class (most 
cases coming from families where a parent was highly successful). A considerable 
amount of time was spent in the 1950’s and 1960’s correcting these misimpressions.

It became apparent that the profile on psychological testing in autism was un-
usual for marked scatter with nonverbal skills being relatively preserved but verbal 
abilities are often highly deficient and overall IQ scores frequently in the intellectu-
ally deficient range (Goldstein et al. 2009). As children with autism were followed 
over time it became clear that they were at markedly increased risk for epilepsy 
(Volkmar and Nelson 1990) and that autism was associated with some medical dis-
orders particularly Fragile X syndrome and tuberous sclerosis (Rutter et al. 1994). 
Finally the association with socio-economic status of families came to be viewed 
as an aspect of referral bias (Wing 1980) and today there is recognition that appar-
ent ethnic/racial disparities are likely to reflect under-diagnosis in disadvantaged 
populations bias against use of the label (Mandell et al. 2009). Probably most im-
portantly a series of studies in the U.K. (Kolvin 1971; Rutter 1972) made it clear 
that autism was a distinctive disorder and differed from childhood schizophrenia in 
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terms of its onset, clinical features, and associated family history. By the late 1970s 
it was clear that autism was a distinctive disorder and attempts were made to de-
velop better approaches to diagnosis. Rutter’s approach (Rutter 1978) emphasized 
delayed social and language development (not just due to any overall developmen-
tal delay) along with unusual interests/behavior with an onset before 30 months of 
age. The National Society for Autistic Children (NSAC) NSAC definition (NSAC 
1978) emphasized other aspects of the condition (disturbances in rates/sequences of 
development, hyper/hyposensitivity).

As a result of these advances a decision was made to include autism (as “infantile 
autism”) in the landmark 3rd edition of the Diagnostic and Statistical Manual (DSM-
III) (APA 1980). In DSM-III a new term, Pervasive Developmental Disorder, was 
coined for the class of disorder to which autism was assigned. In addition to autism 
other concepts were also included, e.g., ‘residual’ infantile autism for individuals 
who once met criteria but no longer did so. While including autism as an officially 
recognized condition was a distinct advance many aspects of the approach chosen 
were problematic (see Volkmar and Klin 2005), e.g., the definition lacked a strong 
developmental orientation and the notion that people ‘grew out’ of infantile au-
tism to ‘residual’ autism was problematic. As a result many changes were adopted 
in DSM-III-R including a stronger developmental orientation (Volkmar and Klin 
2005). This approach had its own problems—particularly with over-diagnosis of 
autism among the more cognitively impaired (Volkmar et al. 1992).

DSM-IV appeared in 1994 and for autism a large international field trial was 
conducted in conjunction with the pending revision of the international classifica-
tion of diseases (ICD-10) (Volkmar et al. 1994). The DSM-IV approach included 
social, communication, and restricted interests/behaviors criteria, was polythetic, 
and did a better job of diagnosis autism regardless of IQ. The DSM-IV/ICD-10 
approach also recognized explicitly a number of other PDD subtypes (Asperger’s, 
Rett’s, Childhood Disintegrative Disorder, and subthreshold autism). The conver-
gence of DSM-IV with ICD-10 likely significantly advanced research.

DSM-5 has appeared in 2013 (APA 2013). It has adopted a number of chang-
es including a new overarching diagnostic concept—autism spectrum disorder, 
eliminating previous subtypes such as Asperger’s, and using criteria derived from 
research diagnostic assessment instruments. DSM-5 has proven unusually contro-
versial as it appears that some individuals will ‘lose’ their diagnosis complicating 
both service provision and research (Volkmar and Reichow 2013). The final impact 
of DSM-5 remains unclear although a potential lack of convergence with ICD-10 
seems problematic.

1.3  Related Diagnostic Concepts

Both before, and after, Kanner’s classic description of autism in 1943, other clini-
cian-researchers described diagnostic constructs with some points of similarity to 
autism. Indeed it is likely that cases of autism may first have appeared in some of 
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the descriptions of so-called “feralwild” or “feral” children (thought to have been 
raised by animals) and indeed it has now been recognized that in addition severe 
deprivation can also be associated with ‘autistic like’ behaviors (Rutter et al. 1999; 
Wolff 2004). Some of these disorders have been officially recognized while the 
validity of others remains debated. In general their major point of similarity to Kan-
ner’s autism has to do with the presence of severe social disability.

In 1908 the Viennese special educator Theodor Heller described children who 
developed normally for some years (typically 3 to 4) but then had a marked regres-
sion with the development of what now would be viewed as an autistic-like clinical 
syndrome (see Heller 1908, 1930) and for an English translation see (Westphal 
et al. 2013). His original term for the condition “dementia infantilis” reflected the 
then common notion of regression being a form of dementia; subsequently the term 
“disintegrative psychosis” was used. We now know (Volkmar et al. 2005) that the 
condition differs from dementia in that the loss of skills is not progressive and that 
it is not a psychosis (the latter term arose in the context of broad views of child-
hood psychosis current in the first decades of the twentieth century (Volkmar and 
Tsatsanis 2002). Although it resembles autism once it is established the regression 
is highly unusual, much later than is typical in autism, and the outcome, sadly, is 
worse (see Volkmar et al. 2005). While included in DSM-IV the condition has been 
dropped from DSM-5 complicating potential research.

In 1966 the neurologist Andreas Rett (1966) observed a group of girls who ex-
hibited some autistic features as well as unusual motor mannerisms (peculiar hand 
washing stereotypies), marked loss of skills, breathing difficulties, and orthopedic 
problems. Although he originally speculated that this condition was an autism vari-
ant in fact the ‘autistic-like period’ (of relative social withdrawal) is relatively brief 
and confined largely to the preschool years (Van Acker et al. 2005). This condition, 
recognized in DSM-IV but dropped from DSM-5 has now been shown to be due, 
in general, to the presence of a specific gene defect (Van Acker et al. 2005). Apart 
from its clinical significance the research significance of the condition has arisen 
from the potential for animal models (via knock-out approaches) for this disorder.

In 1944 Hans Asperger, then a Viennese medical student, described a group of 
boys with marked social vulnerabilities and motor problems who also exhibited 
unusual specialized interest (that interfered with functioning); well-developed lan-
guage (though not good social-communication) skills (Asperger 1944). Unaware of 
Kanner’s 1943 report, Asperger termed the condition autistic psychopathy (or, in 
probably a better translation, autistic personality disorder) using the word autism 
as had Kanner to convey marked social vulnerability. This condition received little 
attention until Lorna Wing’s (1981) influential review and case series. Subsequently 
interest increased and data from the DSM-IV field trial was used, in part, to support 
inclusion of the condition as one of the pervasive developmental disorders.

Unfortunately the definition adopted was not ideal and problems were quickly 
noted (Miller and Ozonoff 1997). Subsequent work has noted the importance of 
including features like circumscribed interests and motor delays if robust patterns 
of difference are to be observed (Klin et al. 2005). The unfortunate decision in 
DSM-IV to adopt a precedence rule (i.e. that a diagnosis of autism should take 
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precedence) also created problems (Miller and Ozonoff 1997) and could have been 
remedied had clinicians been allowed to choose the more appropriate diagnosis. 
Although including Asperger’s in DSM-IV markedly increased research in the area, 
the lack of consensus on definition has led to a proliferation of views on diagnosis 
(Sharma et al. 2012) leading to difficulties in interpretation of research. These dif-
ficulties also have contributed to the decision not to include Asperger’s in DSM-5 
see (Lord and Jones 2012). This seems unfortunate given the potential for signifi-
cant research and clinical implications of the condition, e.g., relative to differences 
from autism in neuropsychological profile (with implications for treatment; Klin 
et al. 1995; Lincoln et al. 1998), associations with other psychiatric problems and 
differences in family psychiatric history (Klin et al. 2005) and in outcome (Szatmari 
et al. 2003).

Atypical Autism/PDD-NOS: Despite the change in name from Pervasive devel-
opmental disorder to Autism Spectrum Disorder and despite the marked increase in 
the ‘broader autism spectrum’ (reflected in the media and epidemiological studies) 
research on this condition (or group of conditions) has remained limited (Towbin 
2005).

1.4  Advances in Research

The mistaken belief in psychological causation of autism (and the confusion with 
childhood schizophrenia) during the 1950’s and 1960’s significantly impeded re-
search. This situation began to change in the 1970’s. Work on the phenomenology 
of autism in England by Kolvin (1971) and Rutter (1972) strongly supported the 
validity of the category. In addition the strong brain basis of autism began to be 
appreciated, e.g., given the high rates of seizure disorder observed with onset both 
early in life and in adolescence (Volkmar and Nelson 1990) and the very strong 
genetic basis of the condition (revealed in the first twin study (Folstein and Rutter 
1977). Parents, some of whom also became early researchers, were critical of this 
effort. For example, Bernard Rimland authored an influential early book (1964) ar-
guing for a neurobiological approach to understanding (Rimland 1964) and studies 
using his first diagnostic instrument (Rimland 1971) also supported the validity of 
autism as different from schizophrenia. Early work on intervention began to show 
the importance of highly structured educational program (Bartak and Rutter 1973). 
Early research on intervention also revealed the importance of structured treatment 
programs (Bartak and Rutter 1973) and the role of behavioral, rather than psycho-
dynamic, interventions (Ferster 1989; Lovass and Smith 1988). Early research on 
the neurobiology of autism centered on different systems including various brain 
systems (Ornitz and Ritvo 1976) and neurochemical correlates, particularly rela-
tive to the neurotransmitter Serotonin (Hanley et al. 1977). In addition a range of 
pharmacological interventions were evaluated by Campbell and colleagues at NYU 
(Campbell 1975). The first Journal, in the field the Journal of Autism and Devel-
opmental Disorders, was established in 1971 with Kanner as the initial editor. Over 
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time research interest has dramatically increased with over 2000 peer reviewed 
publications on an annual basis at present and with a number of other journals now 
focused on autism.

1.5  Treatments

The earliest efforts to employ a psychotherapeutic intervention model for autism 
(Bettelheim 1967) gave way to more structured educational intervention programs 
(Bartak and Rutter 1973). It became clear that structured behaviorally based inter-
vention had a particular role in building skills and helping the child generalize and 
maintain skills learned. Over the last several decades a range of approaches have 
been developed (see National Research Council 2001 for an excellent summary). 
These include more behaviorally based programs using applied behavior analysis, 
to more developmentally modeled programs, e.g., the Denver model developed by 
Rogers (1996) as well as other programs that combine aspects of both the devel-
opmental and behavioral approaches (Koegel et al 2001). Still other programs are 
more eclectic and designed to address the specific learning styles seen in individu-
als with autism (Schopler et al. 1995). Many of these programs have now become 
strongly evidence based (Reichow et al. 2011).

To briefly summarize a complicated literature on the theoretical basis of treat-
ment, it has become clear that, in essence, lacking the social ‘frame’ that most in-
fants have, those with autism develop idiosyncratic and nonsocially focused ways 
of learning about the world. As a result they have very different styles of learning 
reflected, early in life, by difficulties in early emerging language skills (prosody, so-
cial language, rule taking) and then by delayed vocabulary and language acquisition 
with an unusual ‘gestalt’ style of learning (reflected in the tendency to echo heard 
language and in the use of idiosyncratic language (Schoen et al. 2011; Volkmar and 
Wiesner 2009). Similarly unusual interests and preoccupations (presumably also 
arising because of lack of primary social orientation) can pose obstacles for learning 
and are reflected in other differences in learning style (Volkmar and Wiesner 2009). 
There has been an increased awareness of the importance both of early diagnosis for 
ultimate outcome (National Research Council 2001) and of peer exposure and the 
importance of a focus on social skills (Prendeville et al. 2006) and in mainstream-
ing in the acquisition of social skills as well as supporting teachers and parents as 
they, in turn, support the child’s learning (Venn et al. 1993). On balance, with earlier 
intervention and more sustained and targeted intervention outcome apparently has 
gradually improved with more individuals with autism now able to be independent 
and self-sufficient (Volkmar and Wiesner 2009) although sadly research on older 
individuals and appropriate treatment programs to assist them have been minimal. 
For some individuals, even with good programs from early in life, outcome remains 
poor (Howlin 2005). It should also be noted that although more interventions can 
now be regarded as evidence based there are many complementary and alternative 
treatments in frequent use (Volkmar and Wiesner 2009). Issues in the use of such 
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treatments become particularly complex when there is some risk to the child (either 
directly in terms of safety or in terms of removing the child from treatments shown 
to be effective).

1.6  Research Directions

As noted previously early research efforts were impeded by a lack of consensus on 
diagnosis. As this began to change in the late 1970’s more useable research began 
to appear. Parents and advocacy groups also formed to support research. As with 
other areas of medicine and behaviour much of the significant research conducted 
has been in the context of college/university settings with their strong commitment 
both to research and training. As noted above there has been a major increase in the 
research enterprise within the U.S. and abroad based both on an increased govern-
mental commitment, strong support from advocacy groups, and, particularly in the 
U.S., the engagement of philanthropy (Autism Speaks, the Autism Science Founda-
tion, and the Simons foundation have been notable contributors in this regard). Im-
portant obstacles and gaps in research remain, e.g., the more or less total absence of 
work on aging in autism and the minimal amounts of work on intervention for ado-
lescents and adults. Treatment research has been particularly challenging to fund. 
On the other hand advances in the basic research on genetic factors (Abrahams and 
Geschwind 2008) and in our understanding of the social brain (McPartland and 
Pelphrey 2012) have been very significant. This basic research is beginning to be 
joined with treatment research, e.g., in studies showing brain changes in response to 
treatments (Voos et al. 2012). Research on pharmacological interventions has also 
significantly advanced including new work focused on the core social disability 
(Scahill and Martin In Press). The multisite study of risperidone has served as an 
excellent example of collaborative work that established the efficacy of this agent 
(McCracken et al. 2002).

1.7  Social Policy Issues

The predominant model of intervention in the 1950’s was psychodynamically 
based. Public schools often declined to provide educational programs for children 
with autism despite the growing body of work on the impact of special education 
and behavioral treatments. This situation markedly changed with advent of Public 
Law 94–142 which mandated, in the U.S., that schools receiving federal funding 
had to provide services to students with disabilities—including autism (see National 
Research Council 2001). Other important social policy advances included the orga-
nization in the U.S. and U.K. of national parent advocacy groups. These groups ad-
vocated for research as well as for treatment programs. This work culminated in the 
1990’s with the establishment of a number of federal programs supporting network 
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of investigators. These included the Centers of Excellence for Programs in Autism 
(CPEA) led through the National Institute of Child Health and Human Development 
by then Director Dwayne Alexander and program officer Marie Bristol-Power and 
were then succeeded by support from multiple NIH institutes. Subsequent efforts 
have included the Studies to Advance Autism Research and Treatment (STAART) 
and Autism Center of Excellence Programs. The impact of these initiatives both on 
research and well trained investigators has been enormous.

Despite the clear role of legal entitlements to education, policy issues regarding 
school intervention program and appropriate practice continue to be addressed. In 
the U.S. the entitlement to education is now codified as IDEA (Individuals with Dis-
abilities Education Act) which mandates free appropriate public education (FAPE) 
to children with a range of disabilities (Mandlawitz 2005). Follow-up federal legis-
lation and judicial decisions have impacted the ways the IDEA is implemented. In 
addition another statute, the Americans with Disabilities Act of 1990, can apply to 
children as well as to adolescents and adults (particularly for young adult in college 
where it mandates against discrimination). On the other hand a source of confusion 
is that this law mandates supports when appropriate but does not establish program 
participation as an absolute right, e.g., in college (Wolff et al. 2009). It is important 
to note that decisions about intervention also have important economic implications 
with major expenditures in the U.S. and U.K. which might be minimized by im-
proved diagnosis and treatment and better functional outcome (Knapp et al. 2009).

Interestingly some areas of work relevant to policy have received comparative-
ly much less attention in the literature. Cultural aspects of autism remain an area 
where little work has been done. The issues here seem less to have to do with the 
presentation of autism (which likely is rather similar around the world) but with phi-
losophies about intervention (Brown and Rogers 2003); study of ethnic and cultural 
issues is a priority as is the study of potential differences in presentation based on 
gender and socio-economic status. There is some suggestion that, in the U.S., chil-
dren living in poverty, may be more likely under-diagnosed. (Mandell et al. 2009)

1.8  Training and Dissemination of Knowledge

As noted above the strong connection of research (and to some extent treatment) 
efforts to University settings has had a fortunate impact in developed countries of 
increasing the number of individuals trained in methods of research and knowledge 
about autism. Over time this work has been disseminated in various ways includ-
ing new approaches in recent years including the internet (http://www.youtube.
com/course?list=EC27FAF837577D180A) with some publications now includ-
ing hypertext links to more rapidly update information and expand the range of 
knowledge rapidly available (Volkmar 2012).

http://www.youtube.com/course?list=EC27FAF837577D180A
http://www.youtube.com/course?list=EC27FAF837577D180A
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1.9  Summary and Challenges for the Future

Although much progress has been made, many areas of challenge remain. From the 
research side the potential for connecting genetic and brain mechanisms is now on 
the horizon (Kaiser et al. 2010) and has the potential to significantly advance treat-
ment research. The advent of specific genetic mechanisms will also allow for devel-
opment of much more sophisticated animal models. New approaches to early diag-
nosis may facilitate more rapid screening—relevant particularly to at risk siblings. 
Similarly the ability to observe brain and other changes in response to treatment 
programs may help clarify the important issue of understanding which children do, 
and do not respond to various treatments.

Challenges remain. Particularly in the current economic climate, research funds 
are limited. Much of the research work has focused on young children with ado-
lescent and adult research receiving short shrift. Given the potential for helping 
many young people become productive and self-sufficient adults this is especially 
unfortunate. Even for school age children important questions remain about best 
approaches to adopting treatments relevant to the specific child. Considerable vari-
ability exists in the U.S. between (and sometimes within) states despite overall Fed-
eral mandates.
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Abstract DSM-5 is a departure from previous diagnostic formats. Changes in 
emphasis are to be found in the salience of selected key symptoms. A more sig-
nificant departure are the modifiers that can be used to express severity of selected 
groups of symptoms. Additionally specifiers and associated disorders including 
medical and genetic disorders should be included as part of an overall diagnostic 
picture.
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Autism as a stand-alone diagnostic entity is no more. Diagnostic and Statistical 
Manual 5 eliminates Autism as a discrete diagnostic entity and consistent with other 
neurodevelopmental disorders that exist within a severity range, DSM-5 creates a 
continuum. Autism spectrum Disorder (ASD) (American Psychiatric Association 
2013; Volkmar and Reichow 2013). The essential ingredients of the original con-
cept, now sixty years old, of Kanner’s Autistic Disturbances of Affective Contact 
(Kanner 1943), deficits of social-emotional reciprocity, communication/play and 
the narrow interests of the individual with Autism remain as part of DSM-5. What 
distinguishes DSM-5 from its predecessor is the constriction of the richness of the 
menu of criteria (Dickerson Mayes et al. 2013). Importantly, the number of criteria 
was reduced from three to two, focusing upon social communication deficits and 
restricted, repetitive behaviors. Another change loosened the age of onset to the 
early developmental period from a disorder that must start before age three. Finally 
to better capture the focus of the range of severity the DSM-5 adds a symptom 
severity scale.
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2.1  DSM-IV Transitions to DSM-5

The category of pervasive developmental disorder (PDD-NOS) in DSM-IV in-
cluded the previous separate disorders for which the following names were giv-
en: infantile autism, childhood autism, Kanner’s autism, high-functioning autism, 
atypical autism, pervasive developmental disorder NOS, Childhood Disintegrative 
Disorder and Asperger’s disorder (American Psychiatric Association 2000; Gibbs 
et al. 2012). The notion that these were discrete disorders began to unravel as the 
distinctions between PDD-NOS and for example, Asperger’s eroded. Reflecting the 
porosity of boundaries and with the literature now replete with ASD studies, DSM-5 
followed suit.

2.2  DSM-5 Criteria

DSM-5 has two main criteria sets: Diagnostic “A” criterion contains both deficits in 
social communication and social interaction. The disturbance in social relatedness 
includes marked impairment in non-verbal communication, peer relationships and 
social-emotional reciprocity. Impairments in communication include either a delay 
or total lack of spoken language (without an attempt to compensate through other 
means) or, for verbal individuals, a marked difficulty in the ability to sustain or ini-
tiate conversation, stereotyped and repetitive (or idiosyncratic) language and lack 
of developmentally-appropriate make-believe or social play. There are three items 
with descriptors around the items. The first of these: social-emotional reciprocity is 
conceived as a range from failure of the reciprocal behavior at one end of the range 
to a reduced quantity and quality of reciprocal behavior at the other end. The second 
item, nonverbal communicative behavior spans poor eye contact to the absence of 
nonverbal communication. Third is the area of social relationships. Here the range 
includes awkwardness of interaction to absence of peer interest. All three are re-
quired to fulfill “A” criterion. To capture the range of dysfunction for criterion “A” 
the severity scale from “1” denoting support required to and “3” substantial support 
such as the presence of an specialized caretaker should be applied.

Criterion B has four items that describe the behaviors of ASD. The first is re-
petitive motor stereotypies, repetitive use of objects, or repetitive speech. Echolalia, 
stereotypies and lining up toys are examples. The second focuses on routines and 
rituals. The behaviors could be verbal such as greeting rituals, or thinking patters 
such as expecting furniture to remain exactly in place or simply changing from one 
behavior to another as is required in transitioning from one play activity to another. 
The third is overvalued interest in an object, sensation or activity with a significant 
disinterest in other possible stimuli. Collecting every version of the same song for 
example shows the narrowness of the person’s interest. Lastly is sensory abnormali-
ties that can vary from hyper to hypo-reactive. The variety of behaviors associated 
with sensory experiences with, for example, water play that might be due to the 
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fascination with the temperature or the way light plays on it or the characteristics 
of liquids demonstrates the innumerable variations to be considered for this item. 
Compared to “A” criterion that requires every item to be satisfied, only two of these 
four items must be met for a total of six items. As with Criterion “A” a severity 
level should be applied that specifies whether low (level one) to high (level three) 
support is appropriate.

Criterion C changes the expected onset to be identified to the early developmen-
tal period as noted above. Criterion D like all disorders must be accompanied by 
clinically significant functional impairment. And finally, criterion E is the exclusion 
criterion that eliminate ASD if another disorder better describes the findings. The 
most common example of this would be global developmental delay which would 
include motor and/or sensory delays as part of the total presentation.

In addition to the specification of severity, other specifies are now part of the 
DSM-5 diagnostic package (McPartland et al. 2012). Instead of indicating cognitive 
impairment on Axis 2, the ASD diagnosis will include the presence or absence of 
accompanying intellectual impairment. DSM-5 has done away with the multiaxial 
system. The place for this common comorbid problem finds its way as a modi-
fier of ASD. Although social communication can be severely delayed in ASD, a 
separate diagnostic item is no longer part of the criteria. Item 2 under criterion A is 
about nonverbal communication and echolalia which was part of verbal deviances 
in previous DSM editions and is no longer a main item and is found under repetitive 
movement’s item 1 criterion “B”. Hence it is important to specify whether ASD ex-
ists with or without a language impairment.

In the older multiaxial system a genetic or medical disorder associated with a 
diagnosis on axis one or two would be positioned under axis three. Where to place 
that information now? Another accessory to the diagnosis allows for a medical or 
genetic disorder or an environmental factor to be associated with ASD. ASD may 
be associated with Fragile X or with lead exposure or epilepsy.

When ASD is associated with other comorbidities they should be listed as as-
sociated disorders. Attention deficit hyperactivity disorder, Bipolar Disorder or Op-
positional defiant disorder would be listed here.

2.3  Severity and Specificity in Practice

The consequences of adding the severity and specificity modifiers can create con-
fusing complexity. A somewhat exaggerated example might look like: ASD ac-
companied by moderate intellectual disability with accompanying severe expres-
sive language impairment and moderate receptive language impairment with very 
limited vocabulary with even greater limitations of communicative intent, with a 
genetic abnormality at 22q11.2 similar to velocardiofacial syndrome, with delivery 
at 28 weeks accompanied by anoxia without catatonia with level two severity of 
language and level 3 severity of restricted, repetitive behavior due to inability to 
tolerate routine transitions without extreme aggressive behavior. The extent of the 
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work required to obtain the information to quantify and describe all of these quali-
fiers is extensive and may be prohibitive in many community clinics as currently 
resourced.

Of special interest due to the proliferation of scientific literature on the subject, is 
the symptom cluster of catatonia. The specific criteria for catatonia, true for all the 
other associated comorbidities and conditions, must be met. If catatonic features are 
present, then ASD “with catatonia” as a modifier would be added.

2.4  Associated Features

Not unique to ASD but of interest diagnostically because it highlights special targets 
of treatment that further explains the features of the disorder in a particular patient 
are associated features (Volkmar et al. 2014). Associated features can be differen-
tiated from comorbid disorders as they are aspects that are not uncommon but in 
and of themselves not disease states. Some associated features that have needed re-
sponses from the care delivery system include poor receptive language, and uneven 
IQ scores. These two deficits will need to be addressed especially in educational 
settings. Listing them alerts the school that special services will be necessary. A dif-
ferent intervention perhaps led by occupational or physical therapists may be neces-
sary to work with motor deficits such as hypotonia or toe walking. Therefore, within 
the diagnostic language, these associated features could be mentioned. Finally, a 
behavior that influences quality of life, and perhaps impacts the restrictiveness of a 
community placement is self-injury. Listing this behavior as an associated feature 
should marshal the behavioral and medical resources that influence this problem.

2.5  Diagnostic Criteria Over Developmental Periods

While the criteria are static, the unfolding of symptoms of ASD over time is not. 
Development changes the picture of the prominence of the autistic features without 
straying from the core features of autism. For example adolescents with ASD may 
have very defined rituals and compulsive behaviors within their narrow range of 
interests. In contrast the preschool child with ASD may be notable for the failure of 
communicative interaction (Shattuck et al. 2007).

As ASD individuals reach legal age their care may shift to providers who are 
without training in the pediatric population. This has implications for diagnosis and 
the reliability of diagnosis in the adult age group. Some differences from the pleth-
ora of diagnostic symptoms seen in childhood will confront the adult practitioner. 
Older ASD individuals not only bear their own developmental symptom topologies 
but exhibit the impact of years of treatment interventions which may have led to 
compensations and skills so that their deficits may be masked by their life-long 
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experiences. A thorough review of history and childhood records will allow for a 
better understanding of the continuity of diagnosis over time.

Rett’s syndrome: The reader may have noticed that Rett’s syndrome, now a ge-
netically identifiable disorder is no longer part of the ASD discussion. Rett’s should 
be thought of perhaps like Fragile X with genetic abnormalities that affect brain 
function bringing it in phenotypic proximity to diagnostic criteria for ASD. For 
Rett’s, a portion of the affected individuals life has symptoms that overlap with 
ASD. To capture this, the diagnosis might be stated as ASD with Rett’s syndrome.

2.6  Differential Diagnoses

A number of psychiatric conditions have characteristics that overlap with symp-
toms of ASD. Rett’s syndrome has been mentioned. Selective mutism however with 
significant expressive language handicap and over time social disabilities due to 
restricted social opportunities may bear some resemblance to ASD. Early social 
history and more typical behaviors in very specific settings can help to differentiate 
mutism from ASD.

A disorder with very pervasive effects on development, especially when mani-
fested early in life is very early onset schizophrenia. Early onset schizophrenia is 
rare. When it occurs the available behaviors to analyze in the young child are few 
and developmental variation within a group of same age children can be wide. Ob-
taining evidence for abnormal perceptions such as auditory hallucinations requires 
extensive interactive interviewing skills and the ability to phrase questions that are 
relevant to the younger child. What will be clear is that the very young schizo-
phrenic child needs help. The direction will be different if the condition is severe 
ASD. Gathering data from multiple sources and being open to the possibility of a 
diagnosis of very early onset schizophrenia rather than ASD improves the chance 
of proper diagnosis.

Another group of profoundly impaired children who may be mistaken for se-
vere ASD are those with severe attachment disorder. Children exposed to a non-
nurturing environment with unavailable attachment figures, experiencing sensory 
isolation of some duration and with little opportunity for normal social development 
will have characteristics of ASD. Motor stereotypies, language delay, and narrow 
range of interests, for example, willingness to eat only the few familiar foods that 
may have been available to them are prominent and similar to ASD features of 
early childhood. Differences however can include physical failure to thrive with 
significant growth curve retardation measures, rapid physical and psychological 
growth in resource-rich, nurturing settings and a history of neglect. Children from 
environments of significant deprivation present with poor language and social skills 
and improve as the environment facilitates these biologically hardwired potentials. 
The possibility that a child with ASD or other severe disability is at higher risk for 
neglect should be entertained.
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Obsessive Compulsive Disorder (OCD) may be a differential diagnostic consid-
eration when evaluating a child with odd behaviors. Overlap of specific compulsive 
behaviors such as touching stranger’s body parts or certain objects, concern and 
agitation around changes to routines like bedtime rituals may meld with the variety 
of restricted and repetitive patterns of behavior such as lining up toys or flipping 
objects associated with ASD. Children who are well and then develop OCD symp-
toms that have its onset associated with Streptococcal infection should be tested 
for Pediatric Autoimmune Neuropsychiatric Disorder associated with Streptococcal 
infection (PANDAS). OCD behaviors with acute onset now called Pediatric acute-
onset neuropsychiatric syndrome (PANS) should be considered as alternatives to a 
diagnosis of ASD.

Finally, a diagnostic category that impinges on the social deficits of ASD is So-
cial Communication Disorder. The three main elements of this disorder are deficits 
in communication for social purposes, altering communication to fit the needs of 
the listener and some pragmatic aspects of language such as summarizing an expe-
rience, using verbal and nonverbal cues to improve communicative intent. While 
social communication is a major fixture for a diagnosis of ASD it is only one piece. 
ASD can be differentiated by examination of repetitive behaviors, narrow interests 
and other components of its diagnostic criteria.

2.7  Conclusion

The new emphasis for DSM-5 classification as related to diagnosis of ASD, has 
diminished the salience of sensory issues as well as the peculiarities of language of 
affected individuals. Echolalia as a symptom of social communication difficulties 
is now incorporated into repetitive behaviors. Language without a communicative 
message or issues of prosody are no longer criterion symptoms. The new DSM-5 
orientation to a diagnosis of ASD is to add a method of scaling severity and con-
necting the disorder to the complex comorbiditites and medical and genetic condi-
tions that are so often associated with ASD. While it will take some effort to be able 
to fluidly express the extent of difficulties of an individual with ASD, the template 
has been posted.
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Abstract Since its discovery, there has been much debate regarding both the etiol-
ogy of autism as well as its prevalence. While initially thought to be rare, autism has 
a rising prevalence with a most recent estimate of 14.7 per 1000 in eight year olds. 
A number of potential risk factors have been investigated including maternal age, 
prenatal and perinatal factors, socioeconomic status, and ethnicity. However, no 
direct risk factor for autism has been identified. Additionally, over 100 genes have 
been identified as putative autism risk genes. Taken together, the number of poten-
tial environmental, genetic, developmental, and biological risk factors for autism 
points to a multifactorial etiology.
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While research concerning the causes and risk factors associated with autism 
spectrum disorders (ASD) continues at a rapid pace, some common themes have 
emerged in recent years. To date, no direct etiologic links have been identified—
there are no known factors which are both necessary and sufficient to cause autism 
spectrum disorder to occur in any given child. Our purpose in this chapter is to 
provide a general rather than exhaustive treatment of this subject, to provide the 
reader with a context and some resources for additional guidance. We begin with 
definitions of epidemiology and autism spectrum disorder, followed by a discussion 
of prevalence of ASD, descriptive patterns and reasonably well confirmed associa-
tions, and end with some observations that may help guide future research.

3.1  Definitions

Epidemiology is a scientific discipline focusing on the etiology, determinants and 
treatments of diseases, conditions and health states among humans (Rothman et al. 
2012). Taking a population perspective, researchers typically compare groups of 
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study and comparison subjects using cross-sectional, case-control, and cohort 
study designs. Clear and unambiguous case definitions are critical to epidemiologic 
research. Differences in case definition have and will continue to frustrate readers 
of the epidemiologic literature on autism spectrum disorders. While terms such as 
autism disorder, classical autism, Asperger’s syndrome, pervasive developmental 
disorders and autism spectrum disorders are often seen in the research literature, re-
searchers use varying case definitions depending on age of study subjects, country, 
and decade when the study was conducted. Studies prior to the 1990s often focus only 
on autism disorder or classical autism, while recent epidemiologic investigations 
more commonly examine the broad range of autism spectrum disorders. Generally, 
ASDs are neurodevelopmental disorders in which the individual is affected by core 
deficits in the three domains of social interaction, communication, and repetitive or 
stereotypic behavior. Affected individuals vary markedly in severity of impairment 
across these domains. The recent implementation of the DSM-5 case definition and 
clinical criteria will add to the complexity involved in comparing findings of recent 
epidemiologic studies with those in the coming years. In this chapter, our focus is 
on the broader range of ASDs, unless otherwise noted.

3.2  Prevalence

Epidemiologists use the term prevalence as the frequency of existing cases of a 
disease or health condition in a population, in contrast to incidence, which refers to 
newly occurring or incident cases in a population. Because timing of diagnosis for 
ASD can be anywhere from early childhood to school age or in some cases later, 
prevalence is the more commonly used term in studies of epidemiology of ASD. 
The onset of symptoms and timing of diagnosis, critical factors for calculating inci-
dence, are complex and variable for ASDs.

When autism and Asperger’s syndrome were first characterized in the 1940s 
(Kanner 1943; Asperger 1944), these conditions were thought to be very rare, and 
even into the early 1990s there were some reports placing the prevalence in the 
range of 3–5 cases per 10,000 (Newschaffer et al. 2007). Current estimates place 
the worldwide prevalence at 0.6–0.7 % (Lai et al. 2014; Elsabbagh et al. 2012); 
however, several recent population-based reports suggest a prevalence of 1–2 % 
(Russell et al. 2014; Kogan et al. 2009; Blumberg et al. 2013). Comparisons of prev-
alence estimates are fraught with difficulty, as some statistics are based on clinical 
diagnoses, others on functional assessment for educational purposes, and others on 
parental self-report. Also, many studies are based on case ascertainment in specific 
clinics and their findings are difficult to translate to a population basis. In the US, 
the Autism and Developmental Disabilities Monitoring Network (ADDM) has used 
a consistent case definition based on laborious review of medical records and diag-
nostic evaluations to establish the population prevalence of ASD among 8-year-old 
children in well-defined catchment areas focusing on even numbered calendar years 
from 2000 on (Rice et al. 2007; van Naarden Braun et al. 2007). In the most recent 
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ADDM report for 2010 (CDC 2014), ASD prevalence was reported as 14.7 per 
1000, with estimates for each site ranging from 5.7 to 21.9 per 1000 8-year old chil-
dren. A recent British study examining the prevalence of ASD among adults found 
an overall prevalence of 9.8/1000 (95 % C.I. 3.0–16.5) that was not associated with 
age (Brugha et al. 2011).

The question of whether the prevalence of autism is rising has raised a lively 
debate (Charman 2011). Matson and Kozlowski (2011) reviewed recent literature, 
and concluded that, while several factors including expanded diagnostic criteria, 
greater awareness of ASD as a condition, earlier diagnosis of ASD, and recogni-
tion that ASD has lifelong consequences all contribute, the prevalence of ASD has 
indeed been rising. Isaksen et al. (2013) conducted a similar review, and identified 
considerable heterogeneity in methods for reported prevalence of ASD, concluding 
that methods utilized in some studies may be causing the high prevalence reported 
in some studies. A current controversy involves the recent implementation of the 
DSM-5 criteria for diagnosis of autism spectrum disorders in most western nations. 
Maenner et al. (2014) applied the DSM-IV-TR and DSM-5 criteria to the cohort of 
confirmed cases from the ADDM Network, and concluded that slightly less than 
one in five current cases would likely not meet the new clinical criteria. However, 
almost all of these cases had less severe clinical presentations.

3.3  Risk Factors

One of the most striking and persistent features of the descriptive epidemiology of 
ASD is the extreme preponderance of ASD among males. In most populations, the 
discordance is on the order of 3–4:1 (Werling and Geschwind 2013). Baron-Cohen 
et al. (2011) proposed an extreme male brain theory as the basis for gender discor-
dance. Others have hypothesized that ASD-like behaviors are more noticeable in 
males, or that health care providers are more likely to take parent concerns about 
sons seriously (Begeer et al. 2013; Giarelli et al. 2010). Among children with ASD, 
the gender discordance is greater among cases with average or greater intelligence 
quotient scores (CDC 2014).

That ASD prevalence increases with maternal age is well established (Sandin 
et al. 2012). Recent studies demonstrate a paternal age effect independent of 
maternal age (Durkin et al. 2008; Shelton et al. 2010; Hultman et al. 2011; Idring 
et al. 2014). However, the contribution of live birth order and recurrence within 
sibships renders these associations somewhat less striking. More studies of autism 
risk factors among infant siblings of children with ASD may aid in developing our 
understanding of etiologic mechanisms involved in ASD (Newschaffer et al. 2012). 
The Early Autism Risk Longitudinal Investigation (EARLI) described by News-
chaffer et al. (2012) is an ongoing study designed with this objective in mind.

Prenatal and perinatal factors have been examined in numerous epidemiologic 
studies of ASD. Several meta-analyses and research syntheses have sought to sum-
marize the common elements of this research. Gardener et al. (2009) examined this 
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literature through 2007, and found 40 studies that met inclusion criteria. Although 
more than 50 prenatal factors were examined, consistent evidence for association 
was found only for parental age, maternal prenatal medication use, maternal bleed-
ing during pregnancy, gestational diabetes, birth order, and maternal nativity status. 
A companion study (Gardener et al. 2011) examined perinatal and neonatal risk fac-
tors for autism. This meta-analysis found that low birth weight, small-for-gestational 
age, congenital malformations, low 5 min Apgar score, neonatal anemia, ABO or 
Rh incompatibility, hyperbilirubinemia, and meconium aspiration were associated 
with autism, as well perinatal factors including season of birth (summer), multiple 
gestation pregnancy, abnormal presentation, cord complications, fetal distress, and 
birth injury. Collectively however, most of these risk factors contribute very small 
increased odds for autism spectrum disorder. For example, Schieve et al. (2014) 
estimated the population attributable fractions for preterm birth (< 37 weeks gesta-
tion), small-for-gestational age (< 10th percentile birth weight for gestational age), 
and cesarean delivery among ASD cases compared to birth certificate controls. 
Among ASD cases born in the year 2000, the population attributable fractions were 
2.0, 3.1, and 6.7 % for preterm birth, small-for-gestational age, and cesarean deliv-
ery, respectively. The summary population attributable fraction was 11.8 % (95 % 
C. I.: 7.5–15.9 %).

Other perinatal factors have also been investigated. ASD prevalence was found 
to decrease with increasing parity in a recent Finnish study (Cheslack-Postava et al. 
2014), while a study from Norway found higher prevalence of autistic disorder in 
second-born children of singleton full-sibling pairs with interpregnancy intervals 
less than 12 months, compared to those with intervals of 36 + months (Gunnes et al. 
2013). Others have considered the possible role of perinatal ultrasound (Abramow-
icz 2012), augmentation or induction of labor with oxytocin (Gregory et al. 2013; 
Vintzileos and Ananth 2013), and a variety of other potential perinatal risk factors.

Maternal lifestyle factors have also been investigated in numerous studies. Ly-
all et al. (2014) examined this literature, and concluded that among nutrients and 
supplements, the strongest evidence for a protection against development of ASD is 
for periconceptional folic acid supplements (Surén et al. 2013; Schmidt et al. 2011). 
Results of investigations of the role of maternal smoking and alcohol use remain in-
conclusive. Another emerging area of interest involved the assessment of exposures 
in the ambient environment during preconception and pregnancy. Several recent 
studies have implicated specific pollutants, including exposures to traffic-related 
air pollution (Volk et al. 2013) and to ambient air pollution (Becerra et al. 2013). 
These observations require confirmation, and a wider array of potential pollutants 
remains to be studied. Additional studies examining the potential roles of air pollu-
tion and pesticides include Windham et al. (2006), Kalkbrenner et al. (2010), Volk 
et al. (2011), and Roberts et al. (2007).

In the United States, analyses of race/ethnic disparities in the prevalence of ASD 
have sparked considerable interest. The ADDM Network report for 8-year-old chil-
dren in 2010 found a higher prevalence of ASD among white non-Hispanic children 
(15.7 per 1000), compared to 12.1 per 1000 black non-Hispanic children, and 10.8 
per 1000 Hispanic children (CDC 2014). A recent report from Los Angeles County, 
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California focusing on children with a diagnosis of autistic disorder at ages 3–5 
found higher risk of severe autism phenotypes among children born to foreign-born 
black, Hispanic, Vietnamese and Filipino mothers compared to white non-Hispanic 
mothers born in the U.S. (Becerra et al. 2014). However, these observed patterns, 
while conflicting, may say more about differential availability of screening and 
diagnostic services and access to care than reflecting true differences in the preva-
lence of ASD across race and ethnic groups (Mandell et al. 2009).

Prevalence of ASD has been shown to increase with socioeconomic status 
(Durkin et al. 2010), but differential patterns were observed in an Australian study 
of ASD and intellectual deficiency (Leonard et al. 2011). Even in societies with 
universal access to health services, it is likely that differential access or utilization 
of screening, diagnosis and treatment occurs.

Issues with timing of diagnosis, availability of programs and services, and access 
to specialty care fall largely outside this brief review, but there is an extensive and 
growing literature on these topics.

This review would be incomplete without some discussion of the vaccines and 
autism hypothesis. Briefly, this hypothesis was brought forward in the 1990s by 
Wakefield, and generated considerable enthusiasm in the autism advocacy com-
munity around the world. There has been no scientific evidence to support this 
hypothesis, but numerous epidemiologic investigations have all concluded that no 
association exists. Readers interested in a thorough discussion of this topic should 
consult (Mnookin 2011).

3.4  Genetics, Genomics, Epigenetics and Gene-
Environment Interaction

While not a primary focus of this review of the epidemiology of ASD, identify-
ing etiologic pathways of diseases and health conditions is a primary focus of the 
discipline of epidemiology. Although estimates of its extent vary widely, most 
researchers agree that ASD has a genetic component, based on patterns observed in 
twin pairs, in sibships, and in family histories. Genetic research concerning autism 
and ASD is published seemingly weekly, and literally thousands of hypotheses have 
been tested. More than 100 plausible autism candidate genes have been identified 
and this number continues to grow (Scherer and Dawson 2011; Betancur 2011). 
However, many of these candidate genes, or candidate regions identified through 
genome-wide association studies, fail to be replicated when studied with samples 
drawn from other populations (Newschaffer et al. 2012). Given the large number 
of candidate genes, one might think we are closing in on a genetic breakthough 
concerning the etiology of ASD. However, were it possible to apply the methodolo-
gy for estimating population attributable fractions to all the genes that have been im-
plicated, simultaneously, these likely would account for a very small proportion of a 
population-based sample of individuals with ASD. Despite the voluminous research 
already conducted in this area, this field of endeavor is still in the early stages.
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Some researchers have hypothesized that gene-gene interaction (Hallmayer et al. 
2011), gene-environment interaction, or epigenetic changes (Grafodatskaya et al. 
2010) may be on the etiologic pathway to ASD. As suggested by Dietert and Di-
etert (2008), there are specific windows of vulnerability for the developing central 
nervous system, both during fetal development, and in infancy and early childhood. 
Insults occurring at critical points may be preconditions that lead to the potential 
for environmental, genetic, or developmental factors to contribute to onset of ASD.

3.5  Conclusion

Epidemiologic studies of autism spectrum disorders implicate roles for genetic, bio-
logical, environmental, and developmental factors (Elsabbagh et al. 2012; News-
chaffer et al. 2007; Lai et al. 2014). It is unlikely that any single condition or event 
plays a pivotal role in causation of ASD; rather, based on research to date, no identi-
fied risk factor is a necessary and sufficient condition for ASD. While theories of 
causation abound, at present it appears that ASD has a multifactorial etiology to 
which developmental (in utero and early childhood), environmental, and genetic 
factors contribute, in as yet unknown but most likely varying ways. Emerging meth-
odologies in genomic, exomic, and exposomic research may hold the key that un-
locks the mysteries underlying the epidemiology of autism spectrum disorder, but 
at present, more is unknown than known about the causes and risk factors for ASD.
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Abstract The involvement of genetic etiology in autism spectrum disorders (ASDs) 
was first suggested from a twin study reported in 1970s. This initial observation has 
then been validated in many subsequent studies. The identification of single genes 
in syndromic ASDs in 1990s provided the evidence to support a genetic cause of 
ASDs. Since 2005, genome-wide copy number variant and sequence analyses have 
uncovered a list of rare and highly penetrant copy number variants (CNVs) or single 
nucleotide variants (SNVs) associated with ASDs which strengthen the claim of a 
genetic etiology for ASDs. However, the cause in majority of ASDs (> 75 %) remains 
elusive. The increasing prevalence of ASD also has intensified a debate about the 
role of non-genetic factors, such as epigenetics, environment, and gene and environ-
ment interaction, in the ASD etiology. Although it remains a significant challenge 
to determine the cause in majority cases of ASDs, the findings from ASD genet-
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ics studies now support an important application for molecular diagnostics in the 
clinical genetics evaluation of ASDs. Various molecular diagnostic assays including 
single gene tests, targeted multiple gene panels and copy number analysis are all 
appropriate to be considered in the clinical genetics evaluation of ASDs in clin-
ics. Whole exome sequencing could also be considered in selective clinical cases. 
However, the challenge remains to determine the causal role of the various types 
of genetic variants identified through molecular testing. The variable expressivity, 
pleiotropic effect and incomplete penetrance associated with CNVs and SNVs also 
present a significant challenge for genetic counseling and prenatal diagnosis.

Keywords Autism spectrum disorders · Comparative genomic hybridization · 
Chromosomal microarray analysis · Copy number variant · Single nucleotide variant · 
Next generation sequencing · Whole exome sequencing · Whole genome sequencing

Abbreviations

ASD Autism spectrum disorder
AOH Absence of heterozygosity
CGH Comparative genomic hybridization
CMA Chromosomal microarray analysis
CNV Copy number variant
DSM Diagnostic and Statistical Manual of Mental Disorders
CRISPR Clustered Regularly Interspaced Short Palindromic Repeats
LOF Loss of function
MLPA Multiplex Ligation-dependent Probe Amplification
NGS Next generation sequencing
PMS Phelan-McDermid syndrome
TGP Targeted gene panel
VCFS Velocardiofacial syndrome
VUS Variant of unknown significance
WES Whole exome sequencing
WGS Whole genome sequencing
SNP Single nucleotide polymorphism
SNV Single nucleotide variant
FISH Fluorescence in situ hybridization

4.1  Brief History of Autism Genetic Studies

It has been 70 years since Kanner and Asperger first coined the term “autism” to 
describe a group of children with behavioral impairment in social and communica-
tion domains. This group of conditions is now defined as autism spectrum disorders 
(ASDs). The implication of a biological or genetic mechanism in autism spectrum 
disorders (ASDs) was also first suggested by Leo Kanner (1943). In the landmark 
paper by Kanner in 1943, he described a group of 11 children with “autism” and con-
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cluded with an insightful statement: “We must, then, assume that these children have 
come into the world with innate inability to form the usually biologically provided 
affective contact with people, just as other children come into the world with innate 
physical or intellectual handicaps… For here, we seem to have pure-culture examples 
of inborn autistic disturbances of affective contact.” The use of “inborn” to describe 
the possible cause of autism is explicit to suggest a biological mechanism. It should be 
noted that “inborn error” was coined by the British physician Archibald Garrod dur-
ing the same time period to describe any biochemical defect in metabolism. Kanner 
also drew a comparison between autism and physical and intellectual disability. For 
the latter, the etiological role of biological or genetic (Miles 2011) mechanisms was 
well recognized. Unfortunately, the impact of a biological mechanism in “autism” 
was not fully investigated until the late 1970s when the first twin study was reported 
by Susan Folstein and Michael Rutter (1977). Despite the small number of cases in 
the first twin study, the finding was seminal because for the first time, a genetic factor 
was suggested to be implicated in the etiology of autism. Subsequently, this find-
ing has been replicated in numerous studies validating the initial observation (Bailey 
et al. 1995; Hallmayer et al. 2002, 2011; Ronald and Hoekstra 2011; Steffenburg et al. 
1989). The identification of genes in many syndromic ASDs such as fragile X and 
Rett syndrome in the 1990s rendered direct evidence for a genetic etiology or single 
gene defect in the clinical presentation of autistic disorders (Amir et al. 1999; Pieretti 
et al. 1991). With the rapid development of new genome technologies, the past decade 
has seen tremendous advance in the understanding of the genetics of ASDs (Buxbaum 
et al. 2012; Geschwind 2008; State and Levitt 2011). Findings from these more recent 
ASD genetic and genomic studies provide the best evidence supporting the role of 
a genetic etiology in ASDs but also underscore the challenge in fully understanding 
the molecular basis underlying ASDs. In fact, the cause in the majority of ASD cases 
(> 75 %) still remains unknown (Fig. 4.1).

In current clinical practice, the diagnosis of ASDs is purely based on the behav-
ioral assessment using various standardized screening or diagnostic tools. There are 
no reliable biological biomarkers or brain imaging markers to screen or confirm 

Fig. 4.1  The causes of 
autism spectrum disorders
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the diagnosis for ASDs. The diagnostic criteria of ASDs related to the behavioral 
domains have been evolving and are frequently a subject of debate in both profes-
sional and public forums. In the Diagnostic and Statistical Manual of Mental Disor-
ders IV (DSM-IV) (APA 2000), a diagnosis of autism is made based on recognizing 
impairments in three core domains of social interaction, communication as well as 
restricted repetitive and stereotyped patterns of behavior, interests, and activities. 
Furthermore, patients with autism could be diagnosed with four separate disorders: 
autistic disorder, Asperger’s syndrome, pervasive developmental disorder—not oth-
erwise specified (PDD-NOS) and childhood disintegrative disorder. In the recently 
published DSM-5, an umbrella term of autism spectrum disorders is used to cover all 
separate diagnoses defined in DSM-IV (APA 2013) such that an individual diagnosis 
such as Asperger’s syndrome will not be used. In DSM-5, the diagnostic criteria of 
ASDs are based on impairments in two domains (1) persistent deficits in social com-
munication and social interaction across multiple contexts; and (2) restricted, repeti-
tive patterns of behavior, interests, or activities. The severity is based on the level of 
support that is required to meet the needs of social communication impairments and 
restricted and repetitive patterns of behaviors. Although this practice has been use-
ful, the limitation is also apparent. Our ability to measure and quantify the impair-
ments of social and communication behaviors in humans is very limited. In many 
cases with significant comorbidity of intellectual disability, the diagnosis is even 
more challenging. In DSM-5, the comorbidity of neurological presentations such 
as intellectual disability and seizures is not considered in the diagnostic criteria of 
ASDs. Non-behavioral features such as dysmorphic features and congenital anoma-
lies are not taken into account either. However, in the clinical evaluation of ASDs 
(Schaefer et al. 2013), the probability to uncover a genetic defect is significantly 
higher in ASD cases with dysmorphic features, congenital anomalies, seizures, and 
significant intellectual disability (Beaudet 2007; Jacquemont et al. 2006). ASDs are 
referred to as syndromic if the autistic diagnosis is part of the clinical presentation of 
a known genetic syndrome or idiopathic if the cause is unknown.

The number of children with the diagnosis of ASDs has been increasing steadily 
over the last decade. The reported prevalence in children was 1 in 68 in the US in 
2014 (DDMNS 2014) compared to 1 in 110 as reported in 2009 (ADDMN 2009) 
and has a male to female ratio of 4 to 1. The exact underlying reason for the increase 
in prevalence is not known and is also a subject for debate. The gender difference 
is also not well understood. There is no clear evidence supporting that mutations 
in a major gene(s) in the sex chromosomes contribute significantly to the cause 
in idiopathic ASDs. The alarming increase in the number of new ASD cases has 
intensified the debate about the role of non-genetic factors, the interaction between 
genes and the environment, or epigenetics in the etiology of ASDs (Gregory et al. 
2013; Hallmayer et al. 2011).

The topic of autism genetics has been reviewed extensively in many recent 
journal reviews (Devlin and Scherer 2012; Huguet et al. 2013; Miles 2011; Rone-
mus et al. 2014; Rosti et al. 2014; State and Levitt 2011). In this chapter, we will 
summarize the key findings from recent ASD genetic and genomic studies using 
genome-wide copy number variant analysis and next generation sequencing (NGS) 
techniques, describe the application of these techniques in the clinical genetics 
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evaluation of ASDs, and discuss the challenges of determining the causal role of 
copy number and sequence variants and genetic counseling dilemmas associated 
with ASDs in clinics.

4.2  Genetic Basis of ASDs

The considerable clinical heterogeneity observed in ASDs has created a signifi-
cant challenge to understanding the genetic inheritance underlying the ASDs. The 
knowledge learned from syndromic ASDs indicated that autistic disorders can be 
caused by a defect in a single gene. The inheritance of syndromic ASDs becomes 
clear once the gene implicated in the genetic syndrome is identified. The classic 
examples in this category are fragile X syndrome and Rett syndrome (Amir et al. 
1999; Pieretti et al. 1991), which are also the most common causes for intellectual 
disability in males and females respectively. With more reports of autism being a 
clinical feature of different genetic syndromes, the list of syndromic ASDs is grow-
ing (Table 4.1). However, because systematic natural history studies have not been 
conducted for most of these genetic syndromes, these claims may be overstated in 
some cases or under-appreciated in others. Regardless, knowledge of syndromic 
ASDs provides a framework for a differential diagnosis in the clinical evaluation 
of ASDs. The studies of the genes implicated in these syndromic ASDs will also 
provide insight for the pathophysiology of idiopathic ASD.

Discussion of the genetic basis in idiopathic ASD cases is more complicated. 
Mutations in single genes probably account for 5–10 % of ASD cases in all studies 
in the literature (Buxbaum et al. 2012; Huguet et al. 2013; Schaaf et al. 2011; State 
and Levitt 2011). Two generation pedigrees with typical ASDs have been rarely 
reported in the literature. The reduced reproduction fitness in individuals with ASD 
is often cited as the reason. Although the families with more than one affected child, 
i.e. multiplex families, are frequently encountered, the clinical presentations among 
affected siblings usually have more differences than similarities posing an intrigu-
ing question as to whether recessive inheritance is a good fit in general. De novo 
genetic defects including copy number variants and single nucleotide variants have 
been the main focus for autism genetic studies conducted over the last decade. As 
described below, the results from these studies strongly support an important role 
of de novo and rare genetic mutations in the etiology of ASDs (Devlin and Scherer 
2012; Ronemus et al. 2014; State and Levitt 2011).

4.3  Copy Number Variants (CNVs)

Although the term copy number variant is relatively new, the implication of chro-
mosome dosage, i.e. chromosomal deletion and duplication, in genetic diseases 
have long been recognized for more than two decades. Conceptually, the chro-
mosomal aneuploidy could be considered as the largest CNV in genome that is 
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always pathogenic. Since the discovery of CNVs in the early 2000, the analyses of 
CNVs have been conducted in a long list of human diseases. The studies of CNVs 
associated with ASDs and other neurodevelopmental disorders are probably the 
most productive (Stankiewicz et al. 2003). Autistic behaviors have been described 
in several well characterized microdeletion and duplication syndromes including 
Angelman and Prader-Willi, Smith-Magenis, Potoki-Lupski, Velocadiofacial syn-
drome (VCFS), and Phelan-McDermid syndromes (PMS) (Laje et al. 2010; Phelan 
2008; Potocki et al. 2007; Williams et al. 2001). In the case of idiopathic ASD, one 
of the first and still best examples of an associated chromosomal rearrangement 
is the maternally inherited duplication of the chromosomal 15q11-q13 Angelman 

Chr Gene Syndromes
2 MBD5 2q31 microdeletion sydnrome
2 SOS1 Noonan syndrome
5 CDKL5 Rett-like syndrome
5 NSD1 Sotos syndrome
7 CHD7 CHARGE
7 CNTNAP2 Cortical dysplasia-focal epilepsy 

syndrome
7 RAF1 Noonan syndrome
7 BRAF Noonan syndrome
9 TSC1 Tuberous sclerosis complex
12 CACNA1C Timothy syndrome
12 PTPN11 PTEN associated disorder
12 KRAS Noonan syndrome
14 PTEN PTEN associated disorders
14 FOXG1 Angelman-like syndrome
15 UBE3A Angelman syndrome
15 MAP2K1 Noonan syndrome
16 TSC2 Tuberous sclerosis complex
17 RAI1 Smith-Magenis syndrome
18 TCF4 Pitt-Hopkins syndrome
22 SHANK3 Related to Phelan-McDermid 

syndrome
X MECP2 Rett syndrome
X FMR1 Fragile X syndrome
X SLC6A8 Creatine transporter
X SLC9A6 X-linked Angelman-like 

syndrome
X HPRT1 Lesch-Nyhan syndrome
X ARX ARX related disorders
X MED12 Lujan-Fryns syndrome

Table 4.1  Syndromic ASD
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and Prader-Willi syndrome region observed using traditional and high resolution 
chromosome analysis (Cook et al. 1997). Although a variable phenotype has been 
reported with this particular duplication, autism, developmental delay, seizures and 
hypotonia are common features (Ingason et al. 2011; Roberts et al. 2002; Thomas 
et al. 2006). This rearrangement has been validated in numerous subsequent case 
reports and large scale genome-wide CNV studies using chromosome microarray 
analysis (CMA) (Boyar et al. 2001; Bucan et al. 2009; Depienne et al. 2009; Gur-
rieri et al. 1999; Wang et al. 2004).

In an extensive review of 33 studies including 22,698 patients overall, the Inter-
national Standard Cytogenomic Array Consortium found that CMA offered a di-
agnostic yield of 15–20 % as compared to 3 % for G-banded chromosome analysis 
(Miller et al. 2010) in patients with idiopathic ASDs or intellectual disability (Miller 
et al. 2010). A set of CNVs highly penetrant for ASDs that were identified through 
research studies using genome-wide CNV analyses in a large set of ASD cases are 
listed in Table 4.2 (Bucan et al. 2009; Celestino-Soper et al. 2011; Pinto et al. 2010; 
Sanders et al. 2011). These studies clearly support an important role of CNVs in the 
genetic etiology of ASDs.

It has been suggested that rare CNVs containing genes involved in neural plas-
ticity or synapse formation and maintenance as well as chromatin modification are 
associated with ASDs and intellectual disability and that disruption of these shared 
biological pathways can result in neurodevelopmental disorders (Huguet et al. 
2013; Pinto et al. 2014; Toro et al. 2010). In a study comparing 996 ASD indi-
viduals of European ancestry to 1287 matched controls, ASD cases were found to 
carry a higher global burden of rare CNVs, especially for loci previously implicated 
in either ASD and/or intellectual disability (Pinto et al. 2010). Pinto et al. (2010) 

Locus Candidate gene Other associated disorders
1q21.1 ND ID/SCZ/BD
2p16.3 NRXN1 ID/SCZ
2q23.1 MBD5 ID/SE
3q29 DLG1/PAK2 ID/SCZ
7q11.23 LIMK ID
11q13.3 SHNAK2 ID/SE
15q11.2 UBE3A ID/SE
15q13.3 CHRNA7 ID/SCZ
16p11.2 KCD13? ID/BD/SCZ
22q11.2 ND ID/SCZ
22q13.3 SHANK3 ID/SE/BD
Xp22.1 PTCHD1 ID/SE
Xp22.3 NLGN3 ID
Xq13.1 NLGN4X ID
ID intellectual disability, ND not determined, SCZ Schizophre-
nia, BD bipolar disorder, SE seizure disorder

Table 4.2  Clinically relevant 
ASD associated CNVs
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analyzed 2446 ASD-affected families and confirmed an excess of gene deletions 
and duplications in affected versus control groups (Pinto et al. 2014). Genes affect-
ed by de novo CNVs and/or loss-of-function single-nucleotide variants converged 
on networks related to neuronal signaling and development, synapse function, and 
chromatin regulation. Among the CNVs identified, there were numerous de novo 
and inherited events, sometimes in combination in a given family, implicating many 
novel ASD genes including CHD2, HDAC4, GDI1, SETD5, MIR137, and HDAC9.

Recently, an exon-targeted oligo array was used to detect intragenic copy number 
variants in a cohort of 10,362 patients including those with a clinical indication of 
ASDs (Boone et al. 2010). The more commonly observed CNVs detected in this co-
hort include those affecting known and candidate genes for ASDs such as NRXN1, 
CNTNAP2, NLGN4X, A2BP1(RBOX1), CNTN4, CDH18, and TMEM195. A more 
detailed clinical and molecular characterization of 24 patients who have intragenic 
deletions of NRXN1 revealed that the seventeen patients with deletions involving 
exons manifested developmental delay/intellectual disability (93 %), infantile hy-
potonia (59 %) and ASDs (56 %) (Schaaf et al. 2012). These results indicate that a 
small intragenic deletion is significant enough to contribute to neurodevelopmental 
disorders, including ASDs, but the detection of these defects could be easily missed 
by array designs that lack exonic coverage.

Detection of recurring intragenic CNVs in this patient population will support 
reclassifying candidate genes implicated in neurodevelopmental disorders as dis-
ease-causing genes. For example, two patients with developmental delay and ASDs 
were identified with small duplication CNVs involving single exons that disrupt 
AUTS2 (Nagamani et al. 2013). This finding was further verified by another study 
comparing 17 well-characterized individuals with microdeletions affecting at least 
one exon of AUTS2 which enabled the identification of a variable syndromic phe-
notype including intellectual disability (ID), autism, short stature, microcephaly, 
cerebral palsy, and facial dysmorphisms (Beunders et al. 2013). These results illus-
trate the different sensitivities for detecting genetic defects based on the resolution 
of different arrays. However, comparisons among different array designs to detect 
disease-causing defects in a clinical setting have not been fully evaluated.

The results from research studies and clinical tests not only have confirmed the 
previous observations from individual case reports but also consolidated several 
major findings related to the role of CNVs in ASDs as follows: (1) A number of new 
CNVs are strongly implicated in ASDs but also show both variable expressivity 
and pleiotropic effects; (2) between 5–10 % of previous idiopathic ASD cases will 
carry rare CNVs; (3) both de novo and inherited CNVs confer a risk in ASD; and 
(4) there is a 3 fold increase in large and rare de novo CNVs in probands compared 
to their siblings (Buxbaum et al. 2012; Devlin and Scherer 2012). These findings, 
in general, support the clinical application of copy number analysis in ASDs as the 
recommended first tier molecular test in the clinical genetics evaluation of ASDs 
(Miller et al. 2010; Schaefer et al. 2013). However, the translation of these findings 
into clinical practice remains a challenge because the causal role of these CNVs 
cannot always be firmly established as discussed below.
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4.4  Single Nucleotide Variants (SNVs)

The identification of genes implicated in syndromic ASDs indicated that a se-
quence change of a single nucleotide in a single gene can confer a significant 
genetic risk for ASDs. This principle has been validated in idiopathic ASDs using 
a candidate gene sequencing approach prior to the emergence of next generation 
sequencing. One of the best examples is the identification of mutations in the 
SHANK3 gene (Durand et al. 2007). SHANK3 was mapped to the critical region 
of chromosome 22q13.3 in Phelan-McDermid syndrome (PMS) in which autism 
is a prominent feature (Bonaglia et al. 2006; Durand et al. 2007; Wilson et al. 
2003). Subsequently, pathogenic point mutations in SHANK3 have been identified 
in idiopathic ASD in many independent reports (Boccuto et al. 2013; Moessner 
et al. 2007). Similar scenarios have also contributed to the discovery of other 
genes such as MBD5, CNTNAP2, Neuroligins and Neurexins, all of which are 
implicated in ASDs (Arking et al. 2008; Laumonnier et al. 2004; Talkowski et al. 
2011; Zweier et al. 2009). The low frequency of these sequence variants posed a 
challenge in experimental design for discovering new candidate genes until the 
recent emergence of the new generation sequencing (NGS) technique. Whole 
exome (WES) and whole genome sequencing (WGS) by NGS have provided an 
unprecedented opportunity to discover rare variants throughout the genome in 
ASDs. To date, there are multiple large scale ASD WES and several small scale 
WGS studies that have been carried out in trios, namely the proband plus the 
unaffected biological parents (Bi et al. 2012; Chahrour et al. 2012; Iossifov et al. 
2012; Jiang et al. 2013; Michaelson et al. 2012; Neale et al. 2012; O’Roak et al. 
2012; Sanders et al. 2012; Shi et al. 2013). The majority of these studies were 
focused on the analysis of de novo mutations. Several studies analyzed both rare 
inherited and de novo mutations (Chahrour et al. 2012; Lim et al. 2013; Yu et al. 
2013). Among more than 1000 families assessed by these studies, the presence of 
de novo loss-of-function (LOF) mutations was consistently significantly higher in 
probands compared to controls. These studies have led to confirmation of many 
known genes and also the discovery of more than a dozen new genes with a high 
confidence of a causal role in ASDs (Table 4.3). A large number of de novo mis-
sense variants (10 folder high than LOF allele) have also been identified in ASDs 
from WES studies. Some of these missense changes are certain to contribute to 
the risk of ASD susceptibility. However, only 5–10 % excess of such mutations 
was found in ASD cohorts compared to controls, which did not reach statistical 
significance collectively. It is not possible to assign risk for these missense vari-
ants confidently without functional studies or through validation in an even larger 
number of cases. Only three ASD WGS studies have been reported so far (Arking 
et al. 2008; Chahrour et al. 2012; Sanders et al. 2012). In contrast to WES, the 
sample sizes of those evaluated by WGS are relatively small. In one study, WGS 
of 32 trios detected clinical relevant variants in 16 probands (Jiang et al. 2013). 
This study supports the feasibility of using WGS as a clinical test and validated the 
improved sensitivity of WGS compared to WES in detecting pathogenic sequence 



Y. Wang et al.42

Chr Gene symbol Description MUTATIONS
1 POMGNT1 Protein O-linked mannose 

beta1,2-N-acetylglucosaminyltransferase
p.R367H

1 NTNG1 Netrin G1 p.T135I (58); p.Y23C
1 POGZ Pogo transposable element with ZNF 

domain
Frame shift (57); 
Frame shift

1 USH2A Usher syndrome 2A (autosomal recessive, 
mild)

p.W2075X, 
p.Y4238X, compound 
heterozygous

2 DNMT3A DNA (cytosine-5-)-methyltransferase 
3 alpha

p.R635W

2 ARID5A AT rich interactive domain 5A 
(MRF1-like)

p.G120V

2 IFIH1 Interferon induced with helicase C 
domain 1

Splicing site

2 SCN2A Sodium channel, voltage-gated, type II, 
alpha subunit

p.G1013X; p.C959X; 
deletion

2 SCN1A Sodium channel, voltage-gated, type I, 
alpha subunit

p.P1894 L (1 missense 
in additional cases)

3 AMT Aminomethyltransferase p.I308F; p.D198G
5 GPR98 G protein-coupled Receptor 98 p.D6252N (3 point 

mutations in additional 
cases)

6 PEX7 Peroxisomal biogenesis factor 7 p.W75C
6 SYNE1 Spectrin repeat containing, nuclear 

envelope 1
p.L3206M

6 VIP Vasoactive intestinal peptide p.Y73X (60)
8 VPS13B Vacuolar protein sorting 13 homolog B 

(yeast)
Frame shift; p.S824A

8 PKHD1L1 Polycystic kidney and hepatic disease 1 
(autosomal recessive)-like 1

Splicing site

9 LAMC3 Laminin, gamma 3 p.D339G (1 missense 
in additional cases)

10 ANK3 Ankyrin 3, node of Ranvier (ankyrin G) p.G3690R
10 USP54 Ubiquitin specific peptidase 54 Frame shift
11 MICALCL MICAL C-terminal like Frame shift
11 CAPRIN1 Cell cycle associated protein 1 p.Q399X
11 KIRREL3 Kin of IRRE like 3 (Drosophila) Downstream (3 point 

mutations in additional 
cases)

12 GRIN2B Glutamate receptor, ionotropic, N-methyl 
D-aspartate 2B

Splicing site (1 non-
sense and 1 frame shift 
in additional cases)

12 NCKAP5L NCK-associated protein 5-like p.G11D
12 PAH Phenylalanine hydroxylase Deletion; p.Q235X

Table 4.3  ASD candidate genes from WES/WGS studies
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variants. In addition, the WGS has detected an average of 50–70 de novo sequence 
variants in non-coding regions. It is even more challenging to determine the clini-
cal relevance of these findings to ASDs.

In contrast to the convincing evidence supporting the pathogenicity of rare CNVs 
and SNVs in ASDs, the implication of common variants remains tenuous (Devlin 
et al. 2011; Devlin and Scherer 2012). Several large and independent genome-wide 
association studies have been conducted to identify common variants that exert sig-
nificant risk for ASDs (Anney et al. 2010; Szatmari et al. 2007; Wang et al. 2009; 
Weiss 2009). Two earlier large studies (> 3000 subjects) reported a significant 

Chr Gene symbol Description MUTATIONS
12 UBE3B Ubiquitin protein ligase E3B p.R40C
14 CHD8 Chromodomain helicase DNA binding 

protein 8
3 Lof mutations in 
additional cases; 
p.Q959X; Frame shift

14 KIAA0284 Centrosomal protein 170B p.R1122H
16 ABCC12 ATP-binding cassette, sub-family C 

(CFTR/MRP), member 12
p.W1024X

17 ZNF18 Zinc finger protein 18 p.H377N
18 KATNAL2 Katanin p60 subunit A-like 2 Splicing site; 3 Lof 

mutations in additional 
cases

20 KCNQ2 Potassium voltage-gated channel, KQT-
like subfamily, member 2

Frame shift

21 DYRK1A Dual-specificity tyrosine-(Y)-
phosphorylation regulated kinase 1A

Splicing site; Frame 
shift

22 CLTCL1 Clathrin, heavy chain-like 1 p.R125C
X NLGN4X Neuroligin 4, X-linked p.Q329X
X KAL1 Kallmann syndrome 1 sequence p.R423X
X WWC3 WWC family member 3 p.R940Q
X ZC3H12B Zinc finger CCCH-type containing 12B p.R318Q
X DGAT2L6 Diacylglycerol O-acyltransferase 2-like 6 p.R151X; p.Q214X
X KIAA2022 KIAA2022 p.Q1471X
X PCDH11X Protocadherin 11 X-linked Splicing site
X SRPX2 Sushi-repeat containing protein, X-linked 2 Splicing site
X LUZP4 Leucine zipper protein 4 p.R161X; p.R163X
X BCORL1 BCL6 corepressor-like 1 p.R1090P
X AFF2 AF4/FMR2 family, member 2 p.A283X
X MECP2 Methyl CpG binding protein 2 p.E495X; p.E483X
X TMLHE Trimethyllysine hydroxylase, epsilon Splicing site
Shading recurrent in multiple studies, WES whole exome sequencing, WGS whole genome 
sequencing, Lof loss-of-function

Table 4.3 (continued)
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association of two different loci at 5p14.1 and 5p15.2, respectively (Wang et al. 
2009; Weiss et al. 2009). However, these loci have not been replicated in other stud-
ies including WES analysis. Although further investigation may be necessary to 
clarify the reason underlying the differences among the studies, it is probably fair to 
conclude that common variants may not have a significant impact on ASDs (Devlin 
et al. 2011; Zecavati and Spence 2009).

4.5  Biochemical Defects and Mitochondrial Dysfunction

Numerous metabolic abnormalities have been reported in the context of an ASD 
phenotype but these are usually not specific for a certain diagnosis (Schaefer et al. 
2013; Zecavati and Spence 2009). Individual metabolic disorders associated with 
an ASD phenotype are relatively rare (Table 4.4). However, all together, these 
disorders may contribute to ~ 3 % of all ASD causes evaluated in clinical genetic 
clinic. For example, severe ASD is well recognized in individuals with untreated or 
partially treated phenylketonuria (PKU). Several studies have suggested a link be-
tween mitochondrial dysfunction and ASDs (Giulivi et al. 2010; Guevara-Campos 
et al. 2013; Legido et al. 2013; Rossignol and Frye 2012). However, it remains 
to be determined whether the mitochondrial dysfunction is primary or secondary 
to an unidentified defect. Most metabolic disorders in a classical form including 
mitochondrial diseases are associated with other clinical symptomatology such as 
seizures and extrapyramidal signs as well as biochemical disturbances. However, it 
is not known whether the atypical or mild presentations of metabolic disorders may 
present more commonly as an ASD phenotype and are under-detected.

4.6  Diagnostic Techniques for ASDs in Genetics Clinic

The current practice in the US is that a clinical genetics evaluation is recommend-
ed for all children with a confirmed diagnosis of ASD (Johnson and Myers 2007; 
Schaefer et al. 2013; Zwaigenbaum et al. 2009). It is estimated that a specific genetic 

1. Untreated PKU
2. MTHFR
3. 3β-Hydroxycholesterol-7-reductase deficiency
4. 6-N-trimethyllysine dioxygenase deficiency
5. Adenylosuccinate lyase deficiency
6. Cerebral folate deficiency
7. Disorders of creatine transporter
8. Mitochondrial Diseases?

Table 4.4  Metabolic diseases 
with ASD phenotype
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etiology can be determined in about 15–20 % of individuals with an ASD (Schaefer 
et al. 2013). However, high quality or unbiased clinical data to validate the real 
yield of a clinical genetics evaluation in ASD is lacking (Herman et al. 2007; Shen 
et al. 2010). The variable practice models among clinics and different diagnostic 
platforms used in molecular diagnostic laboratories complicates the assessment of 
validity. A flowchart for the proposed clinical genetics evaluation of ASDs is pre-
sented in Fig. 4.2, which highlights the incorporation of new testing methodologies 
for determining the molecular defect.

4.7  Copy Number Variant Analysis

Detection of copy number variants is usually achieved through array technology and 
is now the recommended first tier genetic test for the evaluation of ASDs (Miller 
et al. 2010; Schaefer et al. 2013). Initially, CMA via array comparative hybridiza-
tion (aCGH) was used for CNV analysis. Single nucleotide polymorphim (SNP) 
arrays were then introduced and enabled detection of copy number neutral regions 
of absence of heterozygosity (AOH) in addition to copy number analysis. The level 
of genomic resolution achieved by an array analysis depends on the number, size 
and distance between the interrogating probes. Array CGH utilizes oligonucleotides 
(60–85 mers) while SNPs (25–50 mers) are the probes for SNP arrays, of which 
millions of both probe types can be synthesized on one glass slide (Ou et al. 2008). 

•
•
•

Fig. 4.2  The flowchart for clinical genetics evaluation of ASDs. TGP Targeted Gene Panel, WES 
whole exome sequencing, WGS whole genome sequencing, CMA chromosomal microarray analy-
sis. *Proceeding with WES should be dictated by clinical judgment at this stage
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There are also customized arrays that can detect single exon CNVs involving only a 
few hundred base pairs (Boone et al. 2010). However, because SNPs predominate in 
non-coding regions, it is possible that certain regions of the genome such as single 
exons may not be represented on SNP arrays. In addition, SNP arrays demonstrate a 
lower signal-to-noise ratio per probe than CMA, which can result in less sensitivity 
for detecting CNVs. Therefore, to maximize clinical sensitivity, platforms that are a 
combination of aCGH and SNP genotyping are becoming the predominant type of 
array used clinically (Papenhausen et al. 2011; Peiffer et al. 2006; Schwartz 2011; 
Wiszniewska et al. 2014).

An advantage of SNP arrays is that they can reveal regions within the genome 
that lack heterozygosity, i.e. absence of heterozygosity. Identification of these re-
gions is useful clinically in detecting polyploidy, uniparental disomy, consanguin-
ity and recessive diseases although these are thought to be infrequent causes of 
ASDs (Alkan et al. 2011). However, a recent study reported that ASD individuals 
with intellectual disability have more regions of AOH compared to their unaf-
fected siblings (Gamsiz et al. 2013). Furthermore, analysis of the specific ASD 
AOH regions aided in the discovery of autism candidate genes by either identi-
fying single genes within an AOH interval that are recurrent in ASD or harbor a 
homozygous, rare deleterious variant upon analysis of exome-sequencing data 
(Gamsiz et al. 2013).

While the CNVs listed in Table 4.2 represent large-scale, recurrent CNVs that 
were detected from the first generation of clinical arrays, the increased resolution 
of arrays currently being used has promise for discovering more ASD-associated 
CNVs or individual candidate genes. For example, the combined analyses of CNVs 
in exonic regions and sequencing of coding exons led to a diagnosis of an autoso-
mal recessive disorder by unmasking a recessive allele in a patient with autism. In 
this case, a deletion of exons 22–25 in the VPS13B gene, which is associated with 
Cohen syndrome, was first detected by CNV analysis using an exon-targeted ar-
ray (BCM V8) and subsequent sequence analysis of the VPS13B gene identified a 
missense mutation in the other allele (Cohen et al. 2005; Wiszniewska et al. 2014).

These examples highlight that, to discover the precise molecular etiology, it may 
be necessary to combine different technologies within one test (array CGH + SNP) 
or use a combination of molecular diagnostic tests (CNV analysis plus medical re-
sequencing of candidate genes or whole exome sequencing).

4.8  Single Nucleotide Variant Analysis

4.8.1  Single Gene Test for Syndromic ASDs

If the patient’s clinical presentation strongly suggests a syndromic ASD, the most 
effective approach is to request the specific gene test for the suspected genetic syn-
drome. A list of single genes associated with syndromic ASDs is found in Table 4.1. 
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There are numerous molecular diagnostic tests utilized for single gene testing 
depending on the type of causative mutation usually observed for that specific gene. 
Testing methodologies include sequencing analysis (point mutations), FISH (micro-
deletions/duplications), Southern blotting (large repeat expansions) and multiplex 
ligation-dependent probe amplification (MLPA, small deletions/duplications). Ac-
cording to the practice guidelines of the American College of Medical Genetics 
(ACMG) and American Academy of Pediatrics (AAP), DNA testing for fragile X 
is recommended for all children suspected for an ASD (Myers and Johnson 2007; 
Schaefer et al. 2013). With the application of CMA, the value of FISH analysis has 
been phased out gradually in clinical diagnostic practice. However, for a defined 
microdeletion syndrome with characteristic clinical features, FISH still has its value 
because of its relative low cost compared to CMA.

4.8.2  Targeted Gene Panels

The development of targeted gene panels (TGP) using NGS technology has been a 
popular approach in molecular diagnosis practice (Rehm et al. 2013). TGP allows a 
greater depth of coverage compared to a single gene test and better analytical sen-
sitivity and specificity compared to WES described below. The basic design is to 
group the genes that are implicated in a disorder with significant genetic heteroge-
neity or are relevant to particular clinical phenotypes that share the same molecular 
pathophysiology. TGP is particularly attractive for a disorder with extensive locus 
heterogeneity that is difficult to differentiate based on clinical presentations. Repre-
sentative examples include but are not limited to retinitis pigmentosa, Bardet-Bidel 
syndrome, hearing loss and Noonan syndrome.

In the case of ASDs, the extensive molecular heterogeneity is well recog-
nized despite the fact that the molecular basis for the majority of cases is still 
not known. Therefore, TGP is an attractive diagnostic strategy for ASDs. Several 
ASD-related gene panels are offered by clinical molecular diagnostic laboratories 
and include genes implicated in syndromic ASDs or candidate genes from recent 
medical re-sequencing studies. The results from WES and WGS have not yet been 
incorporated in these diagnostic panels. The clinical validity of these panels has 
not been fully evaluated but it is expected that they will be a useful tool in the 
clinical setting.

The development of an updated version of an ASD TGP that incorporates the 
ASD candidate genes from the recent WES and WGS studies is expected to be the 
next logical step. Although many candidate genes suggested from WES or WGS 
research studies remain to be validated, it is probably reasonable to include them in 
the updated version of ASD TGP. This design is a good transition strategy until the 
use of WES or WGS techniques described below are fully validated for ASDs. The 
findings from the use of clinical TGP may speed the validation of research findings 
if the clinical laboratories share results and clinical phenotypes.
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4.8.3  Whole Exome Sequencing (WES)

The application of WES in clinical genetics practice has gained momentum recently 
(Gahl et al. 2012; Jacob 2013; Yang et al. 2013). The proof of principle study of 
using WES in clinical application was first published in 2009 (Ng et al. 2009). In 
this study, the success of identifying a disease-causing mutation in a patient with a 
known genetic syndrome was demonstrated by WES in a research protocol. Sub-
sequently, the success of using WES to discover new disease-causing genes was 
reported in 2010 (Gahl et al. 2012; Gilissen et al. 2011; Hoischen et al. 2011). In 
2011, clinical molecular diagnostic laboratories started to offer WES as a clinical 
test using different array capture platforms and analytic paradigms (Fig. 4.3). Cur-
rently, multiple academic and commercial laboratories in US are offering the clini-
cal WES. The indication for WES as a clinical test is quite variable among clinical 
geneticists or physicians in other specialties. Patients with significant intellectual 
disability, seizure disorders, multiple congenital anomalies and other unusual clini-
cal presentations are typically good candidates for WES. Because a significant sub-
set of individuals with ASDs, particularly the severe end of ASDs, present with 
comorbidity of severe intellectual disability, seizure disorders, and other minor con-
genital anomalies, it is quite reasonable to argue that clinical WES is indicated in 
these cases if first tier testing is negative (Fig. 4.2). The exact sensitivity of WES 
in a clinical application cannot be easily obtained. However, accumulated evidence 

Fig. 4.3  The workflow of whole exome ( WES) and whole genome sequencing ( WGS) in clinical 
diagnostic applications
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in one clinical laboratory in the US reported an approximately 25 % success rate in 
determining the cause for ~ 250 cases with variable clinical presentations referred 
for WES (Yang et al. 2013). Another group in the Middle East reported the find-
ing of 37 potential variants in 100 probands for known Mendelian diseases (37 %) 
(Rodriguez-Flores et al. 2014). The overall positive detection rate in ASD research 
WES studies is less than 5 %. However, the results from recent ASD WES/WGS re-
search studies should not be used to estimate the positive predictive value for WES 
in the clinical setting because the study subjects were not carefully selected and the 
focus was to identify de novo mutations.

The American College of Medical Genetics recently published a laboratory 
standard on the use of WES in clinical testing (Rehm et al. 2013). Several issues 
with experimental designs are worth discussing regarding the clinical application 
of WES in ASDs. The sequencing of trios, i.e. proband and both parents, has been 
the common experimental design in most research WES studies in ASDs. However, 
clinical laboratories vary regarding sequencing of the parents with some laborato-
ries offering to sequence the trio while others sequence the proband only followed 
by necessary validation in the parents as indicated by the findings from the proband. 
The advantage of the proband only model is lower cost. The difference between 
these two designs is apparent because the sensitivity to detect de novo sequence 
variants is predicted to be higher in the trio design. In addition, the algorithm of 
variant calling and filtering process varies among different clinical laboratories. 
All laboratories have an equal opportunity to access public reference genomes such 
as the NHLBI exome server, 1000 genomes, and dbSNP database. However, each 
laboratory may have accumulated its own internal references genomes. In addition, 
different array platforms may be used for the exon enrichment or capture step. Tech-
nically, not all coding exons can be captured for sequencing because some fraction 
of the genome is difficult to capture by design. Therefore, there are inherent differ-
ences for each laboratory that may contribute to the difference in sensitivity or suc-
cess rate. However, it is certain that the technique and sequence analytic ability will 
improve over time with the diagnostic success rate for WES steadily increasing. 
One development that is urgently needed in the genetics community is to build a 
platform and database for information sharing and to curate the clinical phenotypes 
and exome data world-wide. The complication for this process is that substantial 
computer storage space is needed and there are issues with human subject protec-
tion across different institutes in US or other countries

4.8.4  Whole Genome Sequencing (WGS)

Compared to WES, WGS offers many distinct advantages except for cost and the 
complexity of data storage and analysis. The DNA sample and library preparations 
are straightforward because no DNA enrichment step is needed. WGS definitively 
has better genome coverage for the coding sequences based on the design and also 
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has been validated (Jiang et al. 2013). In addition, the non-coding regions that are 
not covered by WES are included in WGS. WGS will also allow the detection of 
CNVs in high resolution that current aCGH platforms will not be able to detect or 
that are currently not optimal for detection. For these reasons, it is reasonable to 
predict that WGS will eventually become a routine molecular test replacing WES 
and CMA for all the purposes stated as long as the costs are reduced and the data 
management and analysis are streamlined.

4.9  Biochemical Testing

There have been no systematic studies examining the diagnostic yield of meta-
bolic testing in an unselected cohort of patients with ASDs. The general opinion 
expressed about metabolic screening in ASDs is that they are “low incidence yet 
high impact” because some are treatable. Although no consensus has been reached 
on what level of testing should be recommended, a baseline biochemical screening 
(Table 4.5) as a first tier evaluation is probably indicated (Fig. 4.1), particularly in 
countries or regions where newborn screening for inborn errors of metabolism is 
not mandatory in clinical practice. For the clinical settings with good clinical exper-
tise for metabolic disorders, a targeted biochemical test after clinical evaluation is 
probably more cost effective.

4.9.1  Clinical Interpretation

4.9.1.1  Copy Number Variants

The major challenge of using a whole genome analysis approach for clinical applica-
tion is determining the pathogenic role of the genetic variants identified from these 
tests. American College of Medical Genetics (ACMG) standards and guidelines 

1. Plasma amino acid profile
2. Plasma homocysteine
3. Urine organic acid
4. Acylcarnitine profile
5. Urine carnitine biosynthesis panel
6. Plasma carnitine biosynthesis panel
7. Urine creatine/guanidinoacetate analysis
8. Plasma acylcarnitine profile
9. Urine purine analysis
10. Urine pyrimidine analysis
11. Lactate

Table 4.5  Biochemical 
Screening for ASD phenotype
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for interpretation and reporting postnatal constitutional copy number variants have 
been recently updated (South et al. 2013). In general, careful consideration is given 
to the size of the CNV, genomic position, gene(s) involved and patient’s reported 
phenotype. If the implicated region contains gene(s) with functions compatible with 
the abnormal clinical findings or previously described patients with a similar im-
balance and phenotype, the CNV should be regarded as likely pathogenic. If the 
clinical significance is still unclear, investigating the parents and additional family 
members by FISH analysis or CMA (depending on the size of CNV) may often 
be necessary to interpret and clarify the results. Review of the family history can 
often provide clues to interpretation of these variants. Although the presence of the 
CNV in healthy family members suggests it is benign, low penetrance and variable 
expressivity of the phenotype can complicate the interpretation. A larger, rare CNV 
that is determined to be de novo in origin is more likely to be pathogenic. The de 
novo occurrence of a CNV is, however, not an absolute evidence of its pathogenic-
ity and caution must be exercised for possible non-paternity.

Interpretation of the clinical significance of CNVs remains challenging and re-
quires time-consuming extensive search of the databases as well as literature and 
collaboration between the laboratory and referring clinician (Stankiewicz et al. 
2010). A guide for utilizing public databases can be found in the Diagnostic Inter-
pretation of Array Data Using Public Databases and Internet Sources. Examples 
of such databases are the Database of Genomic Variants (http://www.projects.tcag.
ca/variation/), UCSC Genome Browser (http://www.genome.ucsc.edu), Simons 
Foundation Autism Research Initiative (SFARI.org) and Autism Chromosome Re-
arrangement Database (http://projects.tcag.ca/Autism/). As the number of samples 
screened by copy number analysis has grown significantly over the past several 
years, the increased experience has revealed many subtleties and complexities of 
CNV interpretation resulting in a better understanding of the contribution of CNVs 
to pathogenicity (Hehir-Kwa et al. 2013).

Even in the cases where the role of the CNV is known to confer a significant risk 
for an ASD, it is still difficult to pinpoint the exact causative gene or genes because 
there is an average of more than 10 genes usually embedded in a single CNV. In 
some cases, genes adjacent or outside of the deleted or duplicated intervals may also 
be affected due to position effect or disruption of a regulatory sequence element. 
The difficulty is to determine which gene or genes within the CNV are responsible 
for key features observed in these cases. In some cases, the clue may come from 
the function of a known gene or genes in the interval that are learned from in vitro 
study or other model organisms. For example, mapping SHANK3, a gene known 
to encode a synaptic scaffolding protein at postsynaptic density (Grabrucker et al. 
2011), to the 22q13.3 interval which is deleted in Phelan-McDermid syndrome led 
to the hypothesis that SHANK3 is the important gene for ASD in this critical region 
(Wilson et al. 2003). This conclusion was supported subsequently by the discovery 
of point mutations in SHANK3 in idiopathic ASD patients (Durand et al. 2007; Mar-
shall et al. 2008). However, in most cases, genes within the CNV are new and their 
function is unknown. For example, in the case of the 16p11.2 ASD-associated CNV, 
there are more than 25 genes within this CNV (Weiss et al. 2008) and the functions 

http://www.projects.tcag.ca/variation/
http://www.projects.tcag.ca/variation/
http://www.genome.ucsc.edu
http://projects.tcag.ca/Autism/
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of these genes are not known. Using a zebra fish model, Golzio et al. (2012) con-
ducted a functional screen for the individual genes mapped within the interval and 
presented evidence suggesting that KCTD13 is a major driver of mirrored neuroana-
tomical phenotypes associated with copy number gain or loss in the 16p11.2 region 
in humans. The increase in the dosage of KCTD13 resulted in a small brain and loss 
of the same gene displayed a large brain in fish (Golzio et al. 2012). However, the 
translation of this finding from zebra fish to humans is not straightforward because 
neither microcephaly nor macrocephaly are consistent features reported in human 
ASD patients with CNVs of 16p11.2. Many other phenotypes associated with a gain 
or loss of 16p11.2 cannot be assessed reliably in a fish model. Despite this caveat, 
it represents a first and important step to elucidating the contribution of individual 
genes in the etiology of human ASD.

4.9.2  Single Nucleotide Variants

Interpretation challenges are similar for SNVs identified from targeted gene panels, 
WES, or WGS. For the protein disrupting mutations in homozygotes or compound 
heterozygotes, the causal role for these mutations can be made with reasonable 
confidence although the rarity of the sequence variant(s) itself is still a cause for 
concern. For missense variants, it is not possible to determine the causality based 
on the reading of the sequence information alone. Evidence from functional studies 
in cellular and in vivo models is frequently cited to support the causal role of these 
variants in the research literature.

Another common complication for interpretation of SNVs identified from TGP, 
WES, or WGS, is that multiple variants of unknown significance (VUS) may be 
identified in one individual. In most cases, it is difficult to determine the causal 
role based on the reading of sequencing information. The newly developed genome 
editing system of CRISPR/Cas9 (clustered regularly interspaced short palindromic 
repeat) has shown great promise to rapidly manipulate the human genome by intro-
ducing SNVs or small inDels (Cong et al. 2013; Mali et al. 2013). The application 
of CRISPR/Cas9 may then also facilitate the dissection of the role of individual 
genes within a CNV in a rapid fashion by inactivating the individual genes within 
the interval. The much needed development of databases to catalog variant annota-
tion for standard mutation nomenclature and a comprehensive reference database of 
medically important variants that is easily cross referenced to exome and genome 
sequence data is rapidly in progress.

There is a growing body of evidence suggesting that multiple genetic “hits” ulti-
mately lead to ASDs (Leblond et al. 2012; Schaaf et al. 2011). These results support 
the suggestion that ASD is a complex genetic disorder resulting from simultaneous 
genetic variation in a few, several or even multiple genes (El-Fishawy and State 
2010). Overall, the term “clan genomics” is introduced to remind us not to focus 
disproportionately on specific variants but rather to integrate across all classes of 
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risk-associated variants. In some individuals, risk may be caused by an unusual 
combination of common variants where in others it will be due to a smaller number 
of large effect rare variants (Lupski et al. 2011). Furthermore, epigenetic dysregu-
lation of synaptic genes at the transcriptional level could also contribute to ASD 
susceptibility as observed in several studies (Jiang et al. 2004; Samaco et al. 2005; 
Zhu et al. 2014) and that further investigations are warranted.

4.9.3  Recurrent Risk

The observed variable expressivity, pleiotropic effect and incomplete penetrance 
associated with CNVs and SNVs pose a challenge for genetic counseling and de-
termining recurrence risks. For example, the copy number gain and loss of chro-
mosome 16p11.2 was first identified from studies of several large cohorts of ASD 
patients (Kumar et al. 2008; Marshall et al. 2008; Weiss et al. 2008). Subsequent 
studies have implicated 16q11.2 in a wide spectrum of neuropsychiatric pheno-
types with somatic features like childhood obesity, as well as being present in 
asymptomatic or unaffected parents or siblings (Bochukova et al. 2010; McCarthy 
et al. 2009; Miller et al. 2009; Puvabanditsin et al. 2010; Shen et al. 2011; Shinawi 
et al. 2010; Simons VIP 2012; Walters et al. 2010). The presence of the same CNV 
in unaffected family members clearly poses a dilemma in counseling families who 
are interested in using this information for prenatal diagnosis. The extreme vari-
able expressivity and penetrance is not entirely unexpected. However, in many 
other microdeletion syndromes such as Angelman and Prader-Willi, Williams, 
1p36, 22q11.2, and Phelan-McDermid syndromes, these causative CNVs have 
never been reported in healthy individuals. Even in the case of 22q11.2 deletion 
syndrome in which the pleiotropic effect has been well documented and 10 % are 
inherited, the penetrance is complete in almost all reported cases. The interesting 
question is whether ASD-associated CNVs operate under molecular mechanisms 
that are more amenable to genetic modifiers or environmental influence during 
evolution. In clinical practice, the identification of novel, de novo or inherited 
CNVs and SNVs has been encountered frequently. They are usually unique and not 
present in large reference databases or have not been reported by research studies. 
Therefore, the pathogenicity of these variants related to ASDs cannot be easily 
determined by genetic analysis.

Given the current complications with interpreting results and providing coun-
seling, genome-wide testing should occur in conjunction with a comprehensive 
medical genetics evaluation that includes a detailed family history and dysmorphol-
ogy examination of the patient and relevant family members. In addition, with the 
quickly changing genomic landscape, it is important for families to return for re-
evaluation at recommended time intervals to both review the current interpretation 
of previously identified variants of unclear clinical significance and determine if 
any new molecular diagnostic studies are appropriate.
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4.10  Prenatal Diagnosis

Prenatal diagnosis for ASDs has been an uncommon request since only rarely was 
a genetic etiology known for the proband. With the more widespread use of genetic 
testing for ASDs and discovery of new genetic etiologies, it is expected that prenatal 
diagnosis will become a more common request. In addition, technologies such as 
CMA are being increasingly used in prenatal specimens (Wapner et al. 2012) and 
have the potential to uncover ASD-related variants in fetuses with no prior risk. 
However, there have only been a few studies in pregnant women documenting the 
prenatal identification of 16p13.11 and 15q26 deletions, which are predicted to be 
associated with an ASD phenotype (Law et al. 2009; Poot et al. 2013). Without long 
term follow-up, there is insufficient data for which to counsel when such findings 
are unexpectedly identified prenatally.

Prenatal testing for ASD is technically feasible for at-risk pregnancies if there 
has been prior identification of the causative alteration in the proband. However, 
it is not always possible to reliably predict the phenotype even if the alteration is 
present in the fetus. Furthermore, prenatal ultrasonography is of limited use to de-
termine if the fetus is actually affected as there are no pathognomonic signs for the 
diagnosis of an ASD. If we take 16p11.2 microdeletion as an example, this microde-
letion is often de novo. Based on current literature reports (Miller et al. 2009), ASD 
is not diagnosed in most individuals with a 16p11.2 microdeletion but still is much 
more common than in the general population. Firstly, an important issue that causes 
difficulties for prenatal diagnosis of ASD is that (i) most pathogenic variants are not 
found exclusively in individuals with ASD, they also occur in unaffected controls 
although with a much lower frequency or (ii) they are inherited from a parent with 
or without a diagnosis of ASD. For example, Sanders et al. (2011) reported de novo 
CNVs in 6 % of simplex ASD cases that were also present in 2 % of unaffected 
siblings. Secondly, a current theory regarding the genotype-phenotype correlations 
in ASDs is determined by the degree of mutational events/burden (CNVs or SNPs) 
that a given individual carries, which may not be able to be determined in a prenatal 
setting (Choy et al. 2010).

In summary, whether prenatal diagnosis is appropriate for ASDs is uncertain giv-
en the intrinsic difficulty in accurately detecting and predicting the ASD phenotype 
associated with a given genotype in many cases. The incomplete penetrance and 
variable expressivity represent the biggest challenges in prenatal testing for ASDs.

4.11  Conclusion and Future Directions

A decade of genetic studies of ASDs has produced evidence to support a major con-
clusion that rare genetic variants including CNVs and SNVs are strongly implicated 
in the ASD etiology. The development of new molecular diagnostic technologies 
such as array CGH/CMA and NGS has provided an unprecedented opportunity to 
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uncover the rare genetic variants in ASDs. Although these studies have not yet led 
to a major breakthrough of understanding the molecular basis in the majority of 
ASD cases, these findings do provide an opportunity for clinical applications.

Many challenges remain to understanding the genetic basis of ASD and develop-
ing a robust ASD genetic testing paradigm in clinical practice and for counseling the 
families about genetic findings. Several important steps may have to be taken to-
ward this direction. Further investigations on potential environmental factor or gene 
and environment interaction are clearly warranted. The WES/WGS data from ASDs 
will provide a framework to dissect the gene and environment interaction. Thus, it 
is urgently needed to develop a reliable functional assay to assist with the interpre-
tation of clinical relevance of genetic variants identified from research studies or 
clinical tests. To facilitate this process, it would be extremely valuable for different 
laboratories to share the clinical WES sequence database and clinical phenotype 
data. To establish an evidence-based practice, it is essential to know the validity or 
yield of each test modality. This may be obtained from a systematically designed 
study or accumulated clinical experience. In addition, a cost and benefit analysis 
should also be conducted to firmly establish a standard of care for the clinical genet-
ics evaluation of ASDs. Despite these many challenges, there are good reasons to 
believe that the clinical genetics evaluation of ASDs is an important part of clinical 
care for ASD children and their families. The understanding of molecular basis 
of ASDs will ultimately lead to the development of effective treatment targeted 
specially to the genetic defect.
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Abstract The exploration of brain epigenomes, including DNA methylation and 
covalent histone modifications, has provided novel insights into the mechanisms of 
normal and diseased brain development, and furthermore, deleterious mutations and 
rare structural variants in more than 50 genes encoding various types of chromatin 
regulators have been linked to autism spectrum disorders. In this book chapter, we 
will provide a general introduction on the basic principles of epigenetic regulation, 
and then discuss matters of epigenetic heritability as it pertains to autism spectrum 
disorders, highlight monogenic forms of the disorder associated with disordered 
chromatin structure and function, summarize the current knowledge base as it per-
tains to epigenetic regulation during normal aging and development, including the 
alterations that were reported in postmortem brain studies in autism spectrum disor-
ders. We conclude the chapter with a brief discussion on novel epigenetic therapies 
for neurodevelopmental disease.

Keywords Nucleosome · Chromatin fiber · Neuronal epigenome · Histone · 
  Post-translational histone modification · DNA methylation · Chromatin remodeling

Autism spectrum disorder (ASD) is a summary term for neurodevelopmental condi-
tions bound together by broad syndromic overlap in three key behavioral domains 
including deficits in social interaction, communication, and restricted, stereotypical 
or repetitive behavior. ASDs also present with intellectual disability, neurological 
manifestations including seizure disorder, and other movement disorders. The age 
of onset of ASD almost always falls within early childhood, mostly within the first 
36 months after birth. It is currently estimated that one of every 88 children born in 
the US will be diagnosed with ASD.

Behavioral genetic studies using twin and family study designs provide com-
pelling evidence for a strong genetic contribution (Lichtenstein et al. 2010), yet 
environmental influences may also be etiologically important (Lichtenstein et al. 
2010; Hallmayer et al. 2011). Indeed, over the course of the last 10 years, advances 
in molecular genetic methods have led significant developments in exploring the 
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genetic risk architecture of ASD. Thus, approximately 10 % of so-called sporadic 
cases of ASD are thought to be the direct result of deletions, duplications and other 
copy number variants affecting several kilo- to megabases of a select set of chro-
mosomal loci which, when mutated, carry high penetrance/high disease risk. Single 
nucleotide polymorphisms and allelic variants, many of which are fairly common 
(defined as minor allele frequency above 5 %) in the general population, also make 
a significant contribution to the ASD genetic risk architecture, which shows signifi-
cant overlap in a range of psychiatric disorders such as depression, schizophrenia 
and attention-deficit hyperactivity disorder.

However, despite these advances in ASD genetics, which undoubtedly continue 
to occur at rapid pace, the genetic risk architecture remains poorly understood for 
a large majority, or at least 70–85 % of cases. Therefore, additional efforts will be 
required to obtain better insights into the underlying neurobiology of ASD, requir-
ing—like for any complex medical condition—a multipronged approach that will 
reach far beyond clinical genetics. Here, we discuss the potential contribution of 
epi-( greek for “over,” “above”) genetics, a term which we apply broadly to describe 
the regulation and organization of chromatin structures and, more generally, three-
dimensional genome architectures and functions. After providing

 i.  a general introduction on the basic principles of epigenetic regulation, we will 
discuss

 ii. epigenetic heritability,
 iii.  monogenic forms of ASD due to mutations in genes encoding chromatin regula-

tory proteins,
 iv. epigenetic regulation in the human brain during normal aging and development,
 v. epigenetic dysregulation in the autistic brain and
 vi.  novel epigenetic therapies for neurodevelopmental disease and then conclude 

with
 vii. a synopsis and outlook.

5.1  Chromatin and Epigenetic Regulation—General 
Principles

The elementary unit of chromatin is the nucleosome, or 146 bp of genomic DNA 
wrapped around an octamer of core histones, connected by linker DNA and linker 
histones. The collective set of covalent DNA & histone modifications and variant 
histones provide the major building blocks for the ‘epigenome’, or the epigenetic 
landscapes that define the functional architecture of the genome, including its orga-
nization into many tens of thousands of transcriptional units, clusters of condensed 
chromatin and other features that are differentially regulated in different cell types 
and developmental stages of the organism (Rodriguez-Paredes and Esteller 2011; 
Li and Reinberg 2011). For an in depth description for some of the epigenetic mark-
ings, see (Zhou et al. 2011; Ederveen et al. 2011; Kinney et al. 2011).
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Common terminology used in chromatin studies includes (i) nucleosomes, 
comprised of a protein octamer of 4 small proteins, the nucleosome core histones, 
around which 146 bp of DNA is wrapped around. Transcription start sites are often 
defined by a nucleosome-free interval, probably for increased access of the tran-
scriptional initiation complex and other regulators of gene expression. Arrays of 
nucleosomes, connected by linker DNA and linker histones, comprise the 10 nm 
‘beads-on-a-string’ chromatin fiber; (ii) Euchromatin defines loose chromatin typi-
cally at sites of actively transcribed genes and units poised for transcription; (iii) 
Heterochromatin defines tightly packed nucleosomal arrays. The terms Euchroma-
tin and Heterochromatin were initially described by their differential microscopic 
appearance (Heitz 1928). Constitutive heterochromatin remains highly condensed 
in most interphase nuclei. Examples include pericentric and telomeric repeat DNA, 
the inactivated X-chromosome (‘Barr body’) of female somatic cells, and other 
chromosomal structures often found in close proximity to the nuclear envelope and 
also around the nucleolus (see Fig. 5.1). Facultative heterochromatin includes si-
lenced genes that upon differentiation or other stimuli could switch to a state of 
active transcription.

DNA (Hydroxy)-Methylation: Two related but functionally very different types of 
DNA modifications, methylation (m) and hydroxymethylation (hm) of cytosines in 
CpG dinucleotides, provide the bulk of the epigenetic modifications in vertebrate 
DNA (Kriaucionis and Heintz 2009). There are additional types of DNA modifica-
tions, which are mostly chemical intermediates in the context of mC5 and hmC5 
(cytosines methylated at the carbon 5 position) synthesis and breakdown (Ito et al. 
2011). While the majority of DNA (hydroxy)-methylation is found at sites of CpG 
dinucleotides and, more generally, in the CpG enriched sequences of the genome, a 
recent study in rat cerebral cortex reported that up to 25 % of mC5 in brain is found 
at nonCpG sites, a fraction that is far higher than previously assumed (Xie et al. 
2012). The mC5 and hmC5 markings show a differential (but not mutually exclu-
sive) pattern of genomic occupancy. The hmC5 mark is concentrated towards the 
5’ end of genes and the proximal most portion of transcriptional units, and broadly 
correlates with local gene expression levels (Jin et al. 2011; Song et al. 2011). There 
is increasing evidence that the genome-wide distribution of hmC5 is regulated in 
tissue-specific manner. For example, in brain, one of the tissues with highest levels 
of hmC5, the mark is enriched in many active genes (Mellen et al. 2012) and could 
play a role in the regulation of intron/exon boundaries and splicing events of neuron-
specific gene transcripts (Khare et al. 2012). Some of these findings in brain resonate 
with observations on the hmC5 distribution in embryonic stem cells. For example, 
(Wu et al. 2011) performed genome-wide profile of 5hmC in both wild-type and 
Tet1-depleted mouse embryonic stem (ES) cells, and their data suggest that 5hmC 
is enriched at both gene bodies of actively transcribed genes and extended promoter 
regions of Polycomb-repressed developmental regulators. Furthermore, there is 
evidence that hmC5 is also enriched in enhancer region marked by H3K4me1 and 
H3K27ac in human embryonic stem cells (Stroud et al. 2011; Szulwach et al. 2011).
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Fig. 5.1  The Epigenome, from nucleus to nucleosome. Schematic illustration of gene ( green) 
poised for transcription by polymerase II (Pol II) initiation complex, with nucleosome free interval 
at transcription start site ( TSS). distal enhancer sequence ( blue) which in loop-like structure moves 
in close proximity to active gene. Subset of heterochromatic portions of the genome ( red), includ-
ing silenced genes, border the nuclear envelope and pore complex and the nucleolar periphery. A 
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On the other hand, less than < 3 % of methyl-cytosine (mC5) markings are po-
sitioned around the 5’ end of genes (Maunakea et al. 2010). The classical concept 
on the transcriptional regulatory role of DNA methylation, which also has guided 
many brain related studies, is that promoter-bound repressive chromatin remodeling 
complexes negatively regulate transcription (Sharma et al. 2005). There are many 
studies that report changes in promoter DNA methylation (mostly in conjunction 
with decreased gene expression) in preclinical models of psychosis, depression and 
addiction, as well as in brain tissue in subjects diagnosed with one of these condi-
tions. Interestingly, however, while the largest amount, or 97 %, of mC5s are found 
in intra- and intergenic sequences and within DNA repeats (Maunakea et al. 2010), 
only few of these studies have explored brain DNA methylation changes at repeat 
DNA and other sequences outside of promoters.

Histone Modifications: The epigenetic regulation of chromatin by virtue of chemi-
cal histone modifications is even more complex than DNA methylation discussed 
above, and it is now thought that there are far more than 100 amino acid residue-
specific post-translational modifications (PTMs) in a typical vertebrate cell (Tan 
et al. 2011), including mono (me1), di (me2)- and tri (me3) methylation, acetyla-
tion and crotonylation, polyADP-ribosylation and small protein (ubiquitin, SUMO) 
modification of specific lysine residues, as well as arginine (R) methylation and 
‘citrullination’, serine (S) phosphorylation, tyrosine (T) hydroxylation, and several 
others (Kouzarides 2007; Taverna et al. 2007; Tan et al. 2011). These site- and 
residue-specific PTMs are typically explored in the context of chromatin structure 
and function, with an epigenetic histone code (a combinatorial set of histone PTMs 
that differentiates between promoters, gene bodies, enhancer and other regulatory 
sequences, condensed heterochromatin, and so on) (Zhou et al. 2011). It is impor-
tant to emphasize that histone PTMs rarely occur in isolation, and instead multiple 
histone PTMs appear to be co-regulated and, as a group, define the aforementioned 
chromatin states (Berger 2007). Many active promoters, for example, are defined by 
high levels of histone H3 lysine 4 methylation in combination with various histone 
lysine acetylation markings (Zhou et al. 2011). Repressive histone PTMs, includ-
ing the trimethylated forms of H3K9, H3K27 and H4K20, potentially co-localize 
to some of the same loci in the genome, and so forth. Furthermore, there is also 

small subset of representative histone variants and histone H3 site-specific lysine (K) residues at 
N-terminal tail (K4, K9, K27, K36, K79) and H4K20 residue are shown as indicated, together with 
panel of mono- and trimethyl, or acetyl modifications that differentiate between active promoters, 
transcribed gene bodies, and repressive chromatin, as indicated. DNA cytosines that are hydroxy-
methylated at the C5 position are in the nervous system most prominent at active promoters and 
gene bodies, while methylated cytosines are positioned around repressed promoters and in con-
stitutive heterochromatin, and within the body of some of the actively transcribed genes. Specific 
examples of chromatin regulatory proteins associated with monogenic forms of neurodevelop-
mental disorders, including autism are provided. For an updated listing of the > 50 genes encod-
ing chromatin regulators and neurodevelopmental risk genes, which includes not only (i) various 
regulators of DNA methylation and histone PTM and variants, but also (ii) multiple components 
of the cohesin complex which tethers together promoter-enhancer and other types of chromosomal 
loopings, and (iii) multiple members of the BAF nucleosome sliding/chromatin remodeling com-
plex, see (Ronan et al. 2013)
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evidence for a coordinated and sequential regulation; phosphorylation of histone H3 
at the serine (S)10 position often serves as a trigger for subsequent acetylation of 
neighboring lysine residues histone H3 lysine 9 (H3K9) and lysine 14 (H3K14) in 
the context of transcriptional activation, while at the same time blocking repression-
associated methylation of H3K9 (Nowak and Corces 2004). Of note, proteins asso-
ciated with the regulation of histone PTMs are sometimes referred to as ‘writers’, or 
‘erasers’ or ‘readers’, essentially differentiating between the process of establishing 
or removing a mark as opposed to its docking functions for chromatin remodeling 
complexes that regulate transcription, or induce and maintain chromatin condensa-
tion (Taverna et al. 2007; Mosammaparast and Shi 2010; Justin et al. 2010). Obvi-
ously, the concept of chromatin ‘reader’, ‘writer’ and ‘eraser’ proteins could easily 
be expanded to proteins associated with DNA methylation (Fig. 5.1).

Histone Variants: In addition to the core histones H2A/H2B/H3/H4, histone vari-
ants such as H3.3, H2A.Z and H2A.X exist. The role of these variant histones, 
which differ from the canonical histones only at very few amino acid positions, is 
often discussed in the context of replication-independent expression and assembly 
(Woodcock 2006), and several histone variants robustly affect nucleosome stabil-
ity and compaction (Jin and Felsenfeld 2007). One popular model postulates that 
during the process of gene expression, RNA polymerase and the transcriptional 
activation and elongator complexes destabilize nucleosomes, which in turn pro-
motes nucleosome remodeling and variant histone incorporation which then further 
potentiate or stabilize gene expression (Sutcliffe et al. 2009; Bintu et al. 2011).

Chromatin-Bound RNAs (CBRs): While the process of gene expression is obviously 
defined by nascent RNA emerging from genomic DNA packaged into chromatin, 
the term CBR could be reserved to RNA species as part of a chromatin structure, 
thereby regulating its functions. None of these definitions are mutually exclusive, 
however. According to some estimates, up to 2–3 % of the nucleic acid content in 
chromatin is contributed by polyadenylated RNAs (Rodriguez-Campos and Azorin 
2007). One of the best known examples of a CBR is provided by the X-chromosome 
Inactive Transcript (XIST) (Brockdorff 2013; Zhao et al. 2008).

Perhaps one of the most illustrative and complex examples as it pertains to ASD-
associated CBR involves chromosome 15q11-13, a highly regulated locus, subject 
to genomic imprinting (parent-of-origin-specific gene expression) and responsible 
for a range of neurodevelopmental syndromes, including Prader-Willi and Angel-
man, as well as for a subset of cases diagnosed with ASD (Leung et al. 2011). Fur-
thermore, DNA structural variants within this locus could contribute to genetic risk 
to schizophrenia and bipolar disorder, further emphasizing that this locus is broadly 
relevant for a range of neuropsychiatric disease (Leung et al. 2011). Of note, a very 
large ncRNA arises from 15q11-13, covering 1 Mb in the mouse and 600 kb in hu-
mans and 148 exons and introns (Le Meur et al. 2005). This long SNPRN-UBE3A 
ncRNA, which normally is highly expressed on the paternal but not on the maternal 
chromosome, includes clusters of smaller non-coding RNAs that are thought to 
modulate nucleolar functions in neurons, and an antisense transcript, UBE3A-AS 
which suppresses UBE3A sense transcription of the same gene on the paternal chro-
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mosome (Leung et al. 2011). Evidence has been that the SNPRN-UBE3A ncRNA, 
and the smaller RNAs derived from it, produce a ‘RNA cloud’ in cis, which contrib-
utes to lasting decondensation of this locus on the paternal chromosome, including 
epigenetic decoration with open chromatin-bound histone modifications and loss of 
repressive chromatin-associated histone and DNA methylation (Leung et al. 2011; 
Xin et al. 2001). Interestingly, UBE3A (also known as E6-AP) encodes a ubiquitin 
ligase that targets RING-1B, a component of Polycomb repressive complex PRC1, 
for its subsequent degradation (Zaaroor-Regev et al. 2010). Because PRC1 is a key 
regulator for genome-wide repressive histone (H3K27) methylation, dysregulated 
expression of long SNPRN-UBE3A ncRNA in the context of 15q11-13 imprinting 
disorders and/or genetic mutations and polymorphisms, may affect orderly activity 
of the PRC1 complex in developing brain (Vogel et al. 2006; Tarabykin et al. 2000; 
Golden and Dasen 2012), perhaps resulting in chromatin defects across widespread 
portions of neuronal or glial genomes, with serious implications for brain function 
and behavior.

Chromatin Remodeling and Nucleosome Positioning: Chromatin remodeling com-
plexes are comprised of multiple subunits, that according to their classical definition 
regulate sliding and mobility of nucleosomes, powered by ATP hydrolysis, thereby 
regulating gene expression and RNA polymerase II access at transcription start sites 
(Ronan et al. 2013). Examples of well known chromatin remodelers with a critical 
role in brain development include the BAF (SWI/SNF) complex and CHD family 
of proteins (Ronan et al. 2013). Interestingly, mutations in numerous members of 
the BAF complex and multiple CHD proteins have now been linked to psychiatric 
disease and developmental brain disorders (Ronan et al. 2013).

Higher Order Chromatin Structures: Epigenetic decoration of nucleosomes, 
including the DNA and histone modifications, and histone variants described above, 
in itself, would fall short to adequately describe the epigenome, or even the local-
ized chromatin architecture at any given (genomic) locus. This is because nucleoso-
mal organization leads to only a 7-fold increase in packaging density of the genetic 
material, as compared to naked DNA; however, the actual level of compaction in the 
vertebrate nucleus in interphase (which defines the nucleus during the time period 
a cell is not dividing, including postmitotic cells such as neurons) is about three 
orders of magnitude higher (Belmont 2006). The chromosomal arrangements in 
the interphase nucleus are not random, however. Specifically, loci at sites of active 
gene expression are more likely to be clustered together and positioned towards a 
central position within the nucleus, while heterochromatin and silenced loci move 
more towards the nuclear periphery (Cremer and Cremer 2001; Duan et al. 2010). 
Chromosomal loopings, in particular, are among the most highly regulated ‘supra-
nucleosomal’ structures and are associated with transcriptional regulation, by, for 
example, positioning distal regulatory enhancer or silencer elements that—in the 
linear genome—are positioned potentially many hundred of kilobases apart from 
a gene, to interact directly with that specific promoter (Wood et al. 2010; Gaszner 
and Felsenfeld 2006).
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The regulation of higher order chromatin is certainly of critical importance for 
human health, including orderly brain development and function. For example, 
Cornelia de Lange Syndrome (CdLS) with an estimated incidence of 1:10–30,000 
live births among the more frequent genetic disorders (source http://ghr.nlm.nih.
gov) is associated with severe developmental delay and a range of neuropsychi-
atric symptoms, including ASD and psychosis (Moss et al. 2008). CdLS (includ-
ing Online Mendelian Inheritance of Man (OMIM) 122470 and 300590) involves 
causative mutations in the cohesin complex, a multisubunit protein that includes, 
among others, nipped B-like protein (NIPBL), structural maintenance of chromo-
somal proteins SMC1A and SMC3, and histone deacetylase HDAC8 (Deardorff 
et al. 2012; Gervasini et al. 2013). Cohesin is thought to form ring-like structures 
bringing together DNA segments from different locations, and by interaction with 
transcriptional co-activators such as the Mediator multi-protein complex, these pro-
tein networks could provide the foundation for chromosomal loop formations, in-
cluding promoter-enhancer loopings that define cell-type specific gene expression 
programs (Kagey et al. 2010).

Thus, there can be little doubt that epigenetic regulation is of critical importance 
for orderly brain development. The list of chromatin regulators (Ronan et al. 2013) 
includes not only methyl-CpG-binding proteins (incl. MECP2, the Rett Syndrome 
gene) but also multiple members of the BAF and also CHD complexes regulating 
nucleosome mobility (Ronan et al. 2013). Another pathway with multiple genes 
found to have mutations in larger ASD cohorts includes H3K4 methyltransferases 
and demethylases MLL1 (Jones et al. 2012), MLL2 (Hannibal et al. 2011), MLL3 
(O’Roak et al. 2012; Kleefstra et al. 2012; Neale et al. 2012), and KDM5A, KDM5C/
JARID1C/SMCX (Adegbola et al. 2008; Najmabadi et al. 2011; Jensen et al. 2005). 
As we pointed out above, these detailed findings from clinical genetics will require 
further workup of the cell type(s) and developmental stage(s) at risk, because the 
neurobiology of disease driven by these genes and their mutations remains essen-
tially unresolved.

5.2  ‘Epigenetic Heritability’ in ASD?

Significant strides have been achieved in unraveling the genetic risk architecture of 
ASD. Thus, it is now estimated that up to 30 % of cases harbor either (i) identifiable 
chromosomal microdeletions and duplications (copy number variants) that often en-
compass many hundreds of kilobases of sequence on the linear genome (7–20 % of 
cases), or (ii) single gene disorders such as Fragile X, Rett Syndrome and others that 
in toto account for 5–7 % of all cases, and another (iii) 5 % of cases are due to meta-
bolic diseases including mitochrondrial disease, phenylketonuria, adenylosuccinate 
lyase deficiency etc (Schaaf and Zoghbi 2011). This still leaves 70 % of cases with 
no straightforward genetic explanation, albeit genetic approaches such as whole 
exome and whole genome sequencing are beginning to make additional inroads in 
the complex field of ASD genetics, mostly by identifying additional rare variants 

http://ghr.nlm.nih.gov
http://ghr.nlm.nih.gov
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of potentially high disease risk (Gratten et al. 2013; Shi et al. 2013). There are also 
ongoing refinements in mapping some of the common (mostly single nucleotide) 
polymorphisms that contribute to the genetic risk of ASD and other psychiatric and 
neurodevelopmental disorders (Smoller et al. 2013).

In addition to the above described genetic risk structure of ASD—there is both 
indirect and direct evidence for epigenetic component(s) in the etiology of the dis-
order. At the population level, twin studies have almost exclusively been used to 
demonstrate substantial genetic contribution to ASD etiology. However, it is im-
portant to underscore that the concordance rates are not exceeding 50 % in monozy-
gotic twin studies in ASD and related disease (Steffenburg et al. 1989; Bailey et al. 
1995; Chang et al. 2013)—providing ample evidence for the role of environmental 
factors, and for epigenetic processes in the etiology of ASD. The framework for the 
epigenetics of ASD includes an increasing list of deleterious mutations and DNA 
structural variants directly resulting in dysregulated chromatin, including several 
portions of chromosomes 15q and 7q that are classical sites for genomic imprinting, 
as defined by allele-specific DNA methylation signatures differentially regulated on 
the maternally vs. paternally derived chromosomes (Schanen 2006). Therefore, it is 
entirely possible that disruption of gene expression via epigenetic mechanisms not 
reflected in the primary nucleotide sequence, or so called ‘epialleles’, either due to 
de novo dysregulation in very early development, or by inheritance and carry-over 
of epigenetic information through the parental germline, plays an important role in 
some causes of ASD and other psychiatric disorders.

Here, we define epigenetic heritability simply as a phenotype or predisposition 
that is transmitted from one generation to the next, by some sort of molecular infor-
mation in the germ cell, that is not encoded by the base pair DNA sequence of the 
(transmitted) genome. It is often speculated that ‘abnormal’ epigenetic decoration 
of the haploid germ cell genome (including DNA and histone modifications, see 
below) contribute to heritable risk of common (including psychiatric) disorders but 
convincing evidence, or even proof, of ‘true epigenetic heritability’ in disorders 
such as ASD is extremely difficult to accomplish with present day technologies, 
because it would, among others, require demonstration that DNA structural vari-
ants either in cis (at the site of the epigenetic defect) or trans (other locations in 
the genome) were not driving the chromatin alterations. Nonetheless, there is an 
increasing amount of correlative evidence in support of epigenetic heritability in 
humans, including the role of the ancestral nutritional environment in metabolic 
disease risk in children and grandchildren (Rando 2012). In the following sections, 
we summarize some of the most interesting findings as it pertains to the possibility 
for disease-relevant epigenetic heritability:

1. Nucleosomal organization and DNA:histone octamer packaging is retained 
in 4 % of the haploid genome in sperm, and these retained nucleosomes are 
enriched significantly at loci of developmental importance, including imprinted 
gene clusters, microRNA clusters, homeobox (HOX) gene clusters, and the 
promoters of stand-alone developmental transcription and signaling factors 
(Hammoud et al. 2009). Furthermore, DNA methylation patterns and histone 
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modifications are also preserved in the portion of the genome that maintains 
nucleosomal organization in sperm cells (Hammoud et al. 2009; Okada et al. 
2010). The limitations of present day genome technology, including the lack of 
genome-wide high quality sequence information when only few cells are avail-
able as input has so far prevented our ability to map the epigenome of human 
oocytes (McGraw et al. 2013); however, high quality DNA methylation maps 
have also been established for mouse oocytes (Shirane et al. 2013; Smallwood 
et al. 2011). Therefore, in principle, chromatin templates, including their epigen-
etic markings, could be passed on to the next generation for perhaps as much as 
4 % of the human genome (Hammoud et al. 2009), and therefore the portion of 
the genome subject to transgenerational epigenetic inheritance would indeed be 
larger than the entire protein coding sequence (‘exome’) which amounts to ‘only’ 
1–1.5 % of the genome.

2. Paternal age, (and specifically advanced parental age), has been linked to an 
increased risk for neurodevelopmental disorders, including ASD, and much of 
this effect could be attributed to an age-associated risk of rare de novo muta-
tion, with a doubling of the mutational burden through the paternal age every 
16 years, according to some of the more widely publicized findings (Kong et al. 
2012). Twin studies have demonstrated that advancing paternal age modifies 
twin concordance for autism (Lundstrom et al. 2012). There is evidence that 
advanced grandpaternal age contributes independently to increase the risk for 
ASD by approximately 1.7-fold both for the maternal and paternal lines (Frans 
et al. 2013). Preclinical work in mice and rat would suggest that, at least for the 
paternal age effect, epigenetic mechanism could play a role too. Thus, brain of 
offspring from older fathers showed DNA methylation abnormalities at multiple 
imprinted gene loci (imprinted loci show parent-of-origin specific epigenetic 
regulation and are by some authors considered to be more sensitive to epigen-
etic pertubations) (Smith et al. 2013). In addition, aberrant DNA methylation in 
sperm of older animals has been observed at DNA repeats encoding ribosomal 
genes (Oakes et al. 2003).

3. In the rodent, there is ample evidence for transgenerational effects of environ-
mental influences, including nutrition, stress and drugs, impacting brain and 
behavior for at least one, or few generations. These involve DNA methylation 
and histone modification changes in a number of molecules involved in seroto-
nergic signaling and neurotrophins (including brain-derived neurotrophic fac-
tor (Bdnf)) (Bohacek and Mansuy 2013; Morgan and Bale 2011; Vassoler et al. 
2013).

4. In humans, adverse environmental conditions, including famine around the time 
of conception, have been linked to lasting DNA methylation changes at the site 
of some of the best studied imprinted gene loci, including IGF2R/H19 (Heijmans 
et al. 2008) and could contribute to the increased risk for neurodevelopmental 
and also endocrine disorders that are associated with these conditions, including 
diabetes and schizophrenia (Lumey et al. 2011).
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5. Maternal prenatal use of prescribed medications has been recently associated 
with risk for ASD. Risks for ASD have been reported for selective serotonin 
reuptake inhibitors (SSRI) and other monoamine reuptake inhibitors (Rai et al. 
2013), and mood stabilizers such as valproate (Meador and Loring 2013; Chris-
tensen et al. 2013). Psychiatric and neurologic medications are used in > 3 % of 
women of child-bearing potential, all cross the placenta and animal models of 
their exposure result in aberrant neurodevelopment (Walsh et al. 2008; Pardo 
and Eberhart 2007). Adverse effects of these drugs include interference in GAB-
Aergic, dopaminergic, serotoninergic, and glutamatergic pathways. Importantly, 
they have been shown to effect DNA methylation (Mill et al. 2008; Tsankova 
et al. 2007; Melas et al. 2012) and histone modifications (Peter and Akbarian 
2011; Li et al. 2004).

5.3  Monogenic Forms of ASD Due to Mutations in Genes 
Encoding Chromatin Regulatory Proteins

The list of mutations carrying a high risk for ASD, even as singular genetic factors, 
includes an increasing number of genes encoding a chromatin regulatory protein. 
This is not too surprising, because chromatin remodeling and proper assignment 
of epigenetic marks is of fundamental importance for brain ontogenesis and a key 
control point in the stepwise transition from pluripotency to neural precursor to ter-
minally differentiated neurons and glia (Ho and Crabtree 2010), and involved in de-
velopmental events such as neuronal migration and connectivity formation (Fuentes 
et al. 2011). On the other hand, ASD-associated chromatin disorders were initially 
known only in the context of embryonic defects and multi-organ syndromes, with 
some of the more recently discovered gene defects affecting selectively the brain 
without significant involvement of peripheral organs. Well known examples of the 
former type of gene defects include Rubinstein-Taybi syndrome (RSTS) 1 ( Online 
Mendelian Inheritance of Man, OMIM 180849) and 2 (OMIM 613684) (Roelfsema 
and Peters 2007), as well as the Immunodeficiency, centromere instability, facial 
anomalies (ICF1) mental retardation syndrome (OMIM 242860) (de Greef et al. 
2011; Ehrlich et al. 2008), among others. The most well known example of the latter 
type of gene defects includes Rett Syndrome, an X-linked neurological disorder of 
early childhood (OMIM 312750). To date, deleterious mutations in over 50 differ-
ent chromatin regulators have been associated with psychiatric disorders including 
ASD and schizophrenia (Ronan et al. 2013).
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5.4  Epigenetic Regulation in the Human Brain During 
Normal Development and Aging—Implications for 
ASD

Chromatin remodeling and epigenetic mechanisms are involved in developmental 
events such as neuronal migration and connectivity formation (Fuentes et al. 2011). 
Furthermore, there is increasing evidence that the normal course of maturation and 
aging is associated with changes in the brain’s epigenome. On the one hand, this 
is an attractive hypothesis given that there are widespread age-related changes in 
gene expression in the cerebral cortex, including downregulation of many neuronal 
genes (Erraji-Benchekroun et al. 2005; Tang et al. 2009). However, in contrast to 
the accumulation of somatic mutations and other structural brain DNA changes that 
affect promoter function during aging (which are likely to be irreversible) (Lu et al. 
2004), most or perhaps all epigenetic markings studied to date are now thought to 
be reversible, and there is no a priori reason for unidirectional accumulation of a 
specific epigenetic mark in aging brain chromatin. Nonetheless, an increasing body 
of literature indicates that a substantial reorganization of the epigenome occurs dur-
ing postnatal development and aging. Human cerebral cortex, for example, shows 
complex and gene-specific changes in levels of methyl-cytosine (mC5; cytosines 
are methylated at the carbon 5 position), with a steady rise at many promoters that 
continues into old age in conjunction with subtle changes (mostly a decline) in gene 
expression (Siegmund et al. 2007; Hernandez et al. 2011).

The increasing list of monogenic forms of neurodevelopmental disease due to 
mutations in genes encoding specific chromatin remodelers speaks to the impor-
tance of these mechanisms for brain ontogenesis and early maturation. It is interest-
ing to note that DNA and histone methylation signatures show, on a genome-wide 
scale, the most dramatic changes during prenatal development, and the transition 
phases from perinatal period to early infancy and the perinatal period; in striking 
contrast, epigenetic changes during subsequent periods of maturation and aging, 
including puberty and various phases of adulthood, are comparatively minor (Sieg-
mund et al. 2007; Numata et al. 2012; Shulha et al. 2013; Cheung et al. 2010). Cell-
type specific epigenome profilings confirmed that these developmental changes are 
not explained by the various shifts in neuron-to glia ratios and other changes in cell 
type composition and instead, point to large scale chromatin remodeling in corti-
cal neurons during prenatal and early postnatal development (Cheung et al. 2010; 
Shulha et al. 2013; Siegmund et al. 2007).

Thus, one could conclude that immature neurons are, both in utero and for the 
first few months or years after birth, particularly vulnerable to epigenetic pertuba-
tions, and some of these could have played a role in the etiology of some cases on 
the autism spectrum. This hypothesis is further supported by the observation that 
prenatal exposure to certain types of drugs, including the short chain fatty acid 
derivative and histone deacetylase inhibitor, sodium valproate, is associated with 
a 2–3 fold increase in the risk of the offspring to develop ASD (Christensen et al. 
2013). Because epigenetic mechanisms literally serve as a molecular bridge linking 
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the genome to the environment, it is worth noting in this context that a recent large 
twin cohort attributed the estimated risk of shared in utero environment at 30–80 % 
for ASD, exceeding the estimated genetic risk of 14–67 % (Hallmayer et al. 2011).

5.5  Gene Expression and Chromatin Alterations in ASD 
Postmortem Brain

ASD, like many other psychiatric disorders, lacks a unifying neuropathology and 
is probably comprised of a diverse set of syndromes of considerable genetic and 
etiologic heterogeneity. Interestingly, however, studies even in fairly small post-
mortem brain cohorts with typically less than 20 cases and equal number of controls 
have shown significant, disease-associated changes in RNA and protein levels. For 
example, there is literature reporting downregulated GABAA and GABAB receptor 
expression and ligand binding across multiple areas of the cerebral cortex and cer-
ebellum, in conjunction with altered expression of GABA synthesis enzymes and 
GABA neuron-specific peptides in cerebral cortex, hippocampus and cerebellum, 
reviewed in (Blatt and Fatemi 2011). As in other conditions, including schizophre-
nia (Akbarian and Huang 2006), changes in the GABAergic transcriptome appear to 
affect a significant portion of cases on the autism spectrum, albeit the reported RNA 
alterations are not sufficiently consistent to reach the level of significance in all of 
the postmortem studies (Huang et al. 2010). Nonetheless, this work in the clinical 
tissue samples provided one of the cornerstones for the popular hypothesis that al-
terations in the balance of excitatory and inhibitory (E/I) activity play a critical role 
in the pathophysiology of a substantial number of cases on the autism spectrum, af-
fecting cortical inhibitory (GABAergic) circuitry and synchronization of electrical 
activity across widespread brain regions in the autistic brain (Uhlhaas and Singer 
2012; Rubenstein 2010).

The complete set of gene expression changes in the autistic brain are likely to 
go far beyond these GABAergic RNAs. For example, recent microarray studies 
identified a diverse set of neuronal genes and noncoding RNAs, many of which po-
sitioned in genomic loci conferring genetic ASD susceptibility and that showed al-
tered expression in prefrontal and temporal cortex or cerebellar cortices (Voineagu 
et al. 2011; Ziats and Rennert 2013), with additional gene expression changes in-
dicative of a dysfunction of immune regulation in at least some of the disease cases 
(Voineagu et al. 2011). Given that transcriptional regulation is closely associated 
with dynamic changes in chromatin structure and function (Lee and Young 2013), 
it would not be too surprising that these gene expression alterations in the diseased 
brain are associated with epigenetic changes in cis-regulatory sequences such as 
transcription start sites.

However, one challenge for epigenetic studies in brain is the enormous cellular 
heterogeneity of the postmortem tissue, with its mixed population of glutamatergic 
and GABAergic neurons, mature oligodendrocytes and astrocytes and their precur-
sors as well as endothelial cells. Furthermore, some brains from subjects on the 
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autism spectrum show evidence for inflammation, including activation and pro-
liferation of microglia as the brain’s immune surveillance cells (Theoharides et al. 
2013; Suzuki et al. 2013; Tetreault et al. 2012). This is an important problem given 
that cell-type specific differences in DNA and histone methylation landscapes are, 
on a genome-wide scale, far greater than, for example, developmentally regulated 
changes within a specific cell type, or species-specific regulation in the primate 
brain (Shulha et al. 2013, 2012b; Cheung et al. 2010). Thus, conventional chroma-
tin assays, which are designed to detect and quantify DNA methylation and his-
tone modifications requiring an input material between 103–108 nuclei (Huang et al. 
2006; Adli and Bernstein 2011), could be severly confounded by changes in glia-
to-neuron ratios that could show considerable fluctuations across different develop-
mental or disease states. To date, many studies exploring epigenetic dysregulation 
of gene expression in major psychiatric disorders examined DNA methylation and 
histone modifications in tissue homogenates, thus ignoring the fact that the gene(s)-
of-interest often are expressed only in a select subpopulation of neurons or other 
cells.

To bypass these limitations, a recent postmortem brain study, conducted on 16 
subjects on the autism spectrum and 16 controls of child and adult age, profiled 
the transcriptional mark, histone H3-trimethylated at lysine 4, on a genome-wide 
scale in prefrontal cortical neurons and separately, in non-neuronal chromatin from 
the same cases (Shulha et al. 2012a). The study identified 711 “epigenetic risk” 
loci were affected in variable subsets of autistic individuals, including the synaptic 
vesicle gene RIMS3, the retinoic acid signaling regulated gene RAI1 (Nakamine 
et al. 2008), the histone demethylase JMJD1C (Castermans et al. 2007), the as-
trotactin ASTN2 (Glessner et al. 2009), the adhesion molecules NRCAM (Sakurai 
et al. 2006; Bonora et al. 2005; Petek et al. 2001) and SEMA5 (Weiss et al. 2009; 
Melin et al. 2006), the ubiquitin ligase PARKIN2 ( PARK2) (Scheuerle and Wilson 
2011; Glessner et al. 2009) and many other genes for which rare structural DNA 
variations could carry high disease penetrance. Intriguingly, for most of these epi-
genetic changes, the H3K4me3 changes occurred selectively in prefrontal neurons, 
but not in their surrounding non-neuronal cells (Shulha et al. 2012a). Therefore, the 
disease-associated epigenetic signatures in ASD are cell-type specific and, at least 
in neurons, show significant overlap with the genetic risk architecture of neurode-
velopmental disorders (Shulha et al. 2012a).

Another study, using peripheral blood cells from monozygotic twins discordant 
for ASD, identified multiple disease-associated differentially DNA methylated re-
gions, which would suggest that at least some of the epigenetic alterations in sub-
jects with ASD may be unrelated to the genetic risk architectures in the affected 
cases (Wong et al. 2013).
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5.6  Epigenetic Drug Targets to Treat ASD

To date, no medication has been approved for the treatment of core symptoms of 
ASD, including social and other cognitive defects and problems associated with 
language and communication and interaction (Payakachat et al. 2012). Preliminary 
data suggest that intranasal application of the nonapeptide, oxytocin, when adminis-
tered in research and laboratory settings, elicits a modest improvement in repetitive 
behaviors and some of the test measures for social cognition (Bakermans-Kranen-
burg and van Ijzendoorn 2013). In addition, antipsychotic medications (originally 
designed to treat schizophrenia and other types of psychosis) such as risperidone 
and aripiprazole demonstrated improvement in parent-reported measures of chal-
lenging behaviors such as repetitive or aggressive behaviors, but carry a significant 
side-effect burden (Payakachat et al. 2012). Other types of drugs, including anticon-
vulsants and anxiolytics may be very beneficial in selected cases to treat seizures 
and anxiety but obviously do not address the core symptoms. Thus, there is a press-
ing need to pursue novel and innovative treatment options for these types of condi-
tions. It is not unreasonable to explore promising epigenetic drug targets in ASD.

One recent, impressive example for epigenetic drug targets is provided by topoi-
somerases (topos), DNA cleaving enzymes that are important in the processes for 
replication and recombination, transcription and chromatin remodeling (Salerno 
et al. 2010). A recent study using an unbiased high-content screening approach, us-
ing mouse primary cortical neurons, discovered that a diverse group of molecules, 
that share an inhibitory activity against DNA topoisomerase type I or II enzymes 
can unlock the expression of the normally epigenetically silenced paternal allele of 
the gene encoding ubiquitin protein ligase E3A ( Ube3a). These topo inhibitors me-
diate their effect by reducing the expression of the imprinted Ube3a antisense RNA 
( Ube3a-ATS) (Huang et al. 2011). The expression of this antisense RNA is nor-
mally repressed in the maternal chromosome in conjunction with the allele-specific 
DNA methylation of an imprinting center (a DNA or chromatin structure that car-
ries epigenetic information about parental origin) (Bressler et al. 2001). Similar to 
hundreds of other loci defined by parent-of-origin-specific gene expression, Ube3a 
was considered epigenetically stable throughout life (Reik 2007). This hypothesis 
now needs to be revised, however, given that even a single intrathecal infusion 
of the FDA-approved topoisomerase inhibitor topotecan was sufficient to relieve 
silencing of the paternal Ube3a (sense) transcript in lumbar spinal neurons for an 
extended period of at least 3 months (Huang et al. 2011). The most obvious explana-
tion for topotecan’s mechanism of action—altered DNA methylation of the Ube3a 
imprinting center—has been ruled out, thus the underlying mechanism(s) remain 
a mystery. Thus, the reactivation of paternal UBE3A expression via topoisomer-
ase inhibition could provide a starting point to investigate potential therapies for 
Angelman syndrome, which is caused by loss of function mutations and deletions 
at the maternal UBE3A locus (Kishino et al. 1997; Matsuura et al. 1997; Sutcliffe 
et al. 1997), and for which there are currently no effective treatments. Currently, it 
remains unknown whether topoisomerase-mediated reversal of imprinting-related 
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gene expression is specific to the UBE3A locus. However, this issue could be ad-
dressed by, for example, fusing topoisomerase enzymes to customized motifs for 
sequence-specific binding at UBE3A. For example, zinc finger nucleases or tran-
scription activator-like (TAL) effectors of plant pathogenic bacteria have been fused 
to the FokI restriction enzyme, allowing the induction of‘custom-made’ DNA strand 
breaks at specific and even at unique loci in the genome (Porteus and Baltimore 
2003; Bogdanove and Voytas 2011). An even more promising toolkit was recently 
introduced to the field, utilizing a genome defense mechanism in bacteria, CRISPR 
(Clustered Regularly Interspaced Short Palindromic Repeats)/Cas (CRISPR-associ-
ated) (Bhaya et al. 2011). The Type II CRISPR/Cas system requires a single protein, 
Cas9, to catalyze DNA cleavage (Sapranauskas et al. 2011) and is now widely used 
to induce targeted mutations in eukaryotic systems, including human and mouse 
cells (Cong et al. 2013).

Of note, drugs that inhibit histone deacetylases (these enzymes typically target a 
wide range of histone and non-histone proteins for deacetylation) might have thera-
peutic potential in depression and other psychiatric illnesses (Morris et al. 2010; 
Covington et al. 2009; Schroeder et al. 2007) but caution is warranted given that 
the already mentioned histone deacetylase inhibitor (HDACi), sodium valproate, 
confers a 2–3 fold increase in causation of ASD following prenatal exposure (Chris-
tensen et al. 2013). Curiously, in a rat model for prenatal valproate exposure, the 
ensuing deficits in social cognition could be significantly ameliorated with HDACi 
(Foley et al. 2012), thereby drawing a distinction between the adverse effects of 
HDACi (or at least of one HDACi drug, valproate) during prenatal development on 
the one hand and potential therapeutic benefits later in life.

Interestingly, data from 85,000 participants in the prospective Norwegian Moth-
er and Child Cohort study showed that prenatal exposure to folic acid (also known 
as Vitamin B9) around the time of conception was associated with a significant 
decrease in the risk for ASD associated with severe language delay in the offspring 
(Suren et al. 2013). Of note, folic acid is an essential substrate for the generation 
of methyl-Vitamin B12. Moreover, the folate and vitamin B12-dependent enzyme, 
methionine synthase, affects molecular and cellular mechanisms, including DNA 
and histone methylation modifications, and is expressed at very high levels in hu-
man cerebral cortex at 28 weeks of gestation, then shows an exponential decline, 
resulting in 400-fold lower levels in aged (80+ years) control subjects; this protein 
shows abnormally low levels in brain of some cases diagnosed with ASD (Muratore 
et al. 2013). These extremely interesting observations justify more detailed follow-
up work, because when viewed together, they definitively point to the importance 
of general regulators of cellular methylation metabolism for normal and diseased 
neurodevelopment. Furthermore, DNA methylation inhibitors, including the cyti-
dine analogues 5-azacytidine (5-Aza-CR), zebularine and nucleoside analogs that 
sequester DNMT enzymes after being incorporated into DNA (Kelly et al. 2010), 
when administered directly into brain tissue, disrupt synaptic plasticity and hip-
pocampal learning and memory, and thereby act as powerful modulators of reward 
and addiction behaviors (Levenson et al. 2006; Han et al. 2010; Miller and Sweatt 
2007; LaPlant et al. 2010). In addition, inhibitors for the histone H3K9-specific 
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methyltransferases G9a/Glp (Kubicek et al. 2007) strongly enhance the develop-
ment of reward behaviors in mice exposed to the stimulant drug cocaine (Maze 
et al. 2010). It will be interesting to explore, in the preclinical model, the role of 
these specific DNA and histone methylation inhibitors on social cognition and other 
behavioral domains specifically important for ASD.

5.7  Synopsis and Outlook

In the living cell, the functional definition of the human genome goes far beyond its 
linear sequence of 6 (or when haploid, 3) billion basepairs. It is the ‘epi-( greek for 
‘over’, ‘above’)genome’, with a rich cache of highly regulated structural modifica-
tions of DNA cytosine and histone residues and variants, which defines the mold-
ings and three-dimensional structure of the genomic material inside the cell nucleus, 
thereby providing a molecular bridge between genes and ‘the environment’, and 
orchestrating the myriads of transcriptional units, condensed chromatin clusters and 
many of the other features that distinguish between various cell types and develop-
ment- or disease-states sharing the same genome within the same subject. Rapid 
advances in our knowledge about the basic principles of epigenetic regulation, and 
more specifically, epigenetic mechanisms in the developing nervous system, are 
dramatically reshaping current thinking of neurological and psychiatric disease. A 
number of postmortem studies of autism and control brains provided convincing 
evidence that dysregulation of chromatin structure and function is part of the patho-
physiology of disease, at least in some of the affected cases. Furthermore, based on 
the current knowledge base from clinical genetics, deleterious mutations and struc-
tural variants in at least 50 genes, each encoding a different chromatin-associated 
protein, are associated with intellectual disability and ASD, further emphasizing 
that the fine-tuning of epigenetic regulation is broadly relevant for the developing 
human brain. Preclinical work, complemented by prospective and epidemiological 
studies, are beginning to identify promising epigenetic drug targets for the treat-
ment of neurodevelopmental disorders. It is the authors expectation that in the near 
future, the blossoming field of neuroepigenetics will significantly contribute to a 
better understanding of the neurobiology of ASD, and perhaps pave the way for 
novel and effective treatments and prevention.
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Abstract Autism spectrum disorders (ASD) are developmental disorders character-
ized by behavioral deficits in verbal and nonverbal communication as well as social 
interactions, and are accompanied by repetitive or stereotyped behaviors and inter-
ests. Numerous studies over the last forty years have recognized altered immune 
responses in individuals with ASD; concurrently basic research has highlighted the 
myriad of neuroimmune interactions and the cross talk that occurs between nervous 
and immune systems. Neuroinflammation, particularly in the cerebellum, has been 
found in post mortem brain tissues from individuals with ASD and is characterized 
by the presence of profound glia activation processes. This and altered gene expres-
sion profiles indicating perturbed immune suggest a contributing role for immuno-
logical systems in the pathology of ASD. Peripheral immune abnormalities have 
also been found; shifts in both direction of Th1 and Th2 skewing have been reported 
as well as autoantibody production, increased NK cell activation, T cell responses 
and monocyte cell function overwhelmingly suggesting the presence of immune 
dysfunction in individuals with ASD. Many of these findings are associated with 
worsening behavioral scores, suggesting treatment of immune function could be 
useful in alleviating symptoms associated with ASD. Immune activation in utero is 
also associated with an increased risk of the child for having a diagnosis of ASD, 
where increased cytokine production in the offspring is directly linked to changes in 
offspring behavior. In addition to peripheral changes, brain and CSF immune varia-
tions in ASD are reported as well as an increase in gastrointestinal/mucosal dys-
function which has led to an increased interest in exploring the gut-brain- immune 
connections and its role in ASD. Further research in neuroimmune interactions may 
bring further insight and elicit new therapeutic tools for ASD.

Keywords Adaptive immune system · Autism spectrum disorders · Behavior 
·  Cerebellum · Cytokine · Innate immune system · Immunity · Maternal immune 
 activation · Neuroimmunology · Social interactions · T cells · Gastrointestinal
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6.1  Immune-Brain Interactions

6.1.1  Cytokines and Neurodevelopment

The immune system is involved in three main areas—surveillance of foreign anti-
gen, fighting infections and tissue remodeling and participates in these functions 
in all types of tissue during development, health, disease and wound healing. The 
brain is no exception; many immune responses take part in shaping and maintain-
ing normal central nervous system (CNS) function (Fig. 6.1). During the course 
of neurodevelopment and throughout adulthood, normal immunological processes 
take part in influencing appropriate neurological features and functions. Cyto-
kines, the immune system’s signaling molecules have a significant role in both of 
these areas. Cytokines act as both chemoattractants, guiding direction of growth 
and migration as well as acting as neurotrophic factors that promote survival to 
developing neurons in the brain and spinal cord (Deverman and Patterson 2009). 
Interleukin (IL)-1β a prominent inflammatory cytokine of the immune system has 
been found to be involved in many different functions of the CNS. During develop-
ment, IL-1β expression is observed in the embryonic spinal cord of both chickens 
(stage 17-HH) and rats (embryonic day 12) (de la Mano et al. 2007). Delivery of 
IL-1β on microbeads implanted near the spinal cord of chick embryos increased 
the number of proliferating (BrdU+) neuroepithelial cells in the dorsal spinal cord 
and led to a reduction in the ventral spinal cord. Blocking IL-1β through anti- IL-
1β antibodies reduced BrdU incorporation in the dorsal spinal cord. (de la Mano 
et al. 2007). In the mammalian adult brain, cytokines including IL-1β can act on 
the neural and progenitor stem cells in response to injury, disease and stress in-
fluencing proliferation and neurogenesis. (Carpentier and Palmer 2009). IL-1β is 
also believed to be required for normal learning and memory processes in the hip-
pocampus (Goshen et al. 2007). Gene expression of IL-1β has been found to be 
increased in the hippocampus 24 h after contextual learning and blocking IL-1β 
results in impairments in spatial memory and fear conditioning tests (Goshen et al. 
2007). IL-1 receptor knockout mice were found to have a reduction in neuronal 
dendritic spine size which may contribute to the defects seen in memory in these 
mice (Goshen et al. 2009).

Other pro-inflammatory cytokines that are involved in spatial learning and mem-
ory include both IL-6 and Tumor necrosis factor (TNF)-α; however, these cytokines 
also have complex roles in shaping memory and learning and have reported benefi-
cial and detrimental effects. A recent study showed that TNF-α signaling through 
the NFκB pathway lead to increased neural stem cell (NSC) proliferation. This pro-
liferation was attributed to the activation of the IKK-β and NFκB pathway leading 
to up regulation of cyclin D1 (Widera et al. 2006). How cytokines affect the CNS is 
context dependent and environments surrounding the release of these cytokines play 
an equally important role in determining the ultimate effect than any single cyto-
kine will play (Yirmiya and Goshen 2011). Transforming growth factor (TGF)-β, an 
important immune regulatory cytokine, is involved in signaling required for mouse 
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Fig. 6.1  a) Many immunological processes take part both in developing and maintaining the CNS. 
Microglia are the main contributor to many of these processes. As the resident phagocytic cell, 
microglia clear cellular debris and apoptotic neurons. They also further neural development by 
producing various growth factors and many cytokines that regulate neuronal survival and syn-
aptogenesis. Microglia also respond to danger signals by producing reactive oxygen species and 
pro-inflammatory cytokines. Some of the cytokines that can affect the CNS include: IL-1β, TNF-
α, IL-6 and TGF-β. These cytokines not only contribute to neuronal development but also play a 
role in learning and memory. b) Lymphocytes, part of the adaptive immune system have also been 
found to contribute to cognitive function. More specifically T cells have been demonstrated to 
contribute to visuospatial learning and enhance neurogenesis in the dentate gyrus. T cells impor-
tant to cognitive function are believed to be found in the meningeal spaces where they produce 
cytokines; specifically IL-4 has been associated with visuospatial learning. c) Outside the CNS, 
neuro-immune interactions also take place. Many immune cells including macrophages express 
receptors for neurotransmistters. Some of these receptors include beta adrenergic, nicotine α-7, 
noradrenergic, metabotropic glutamate, neuropeptide and 5-hydroxytryptophan (5-HT) receptors. 
Signaling through these receptors can either enhance or suppress the immune response depending 
on the neurotransmitter and environmental conditions. Norepinephrine, for example, generally 
tends to have an inhibitory effect on pro-inflammatory cytokine production in macrophages but 
this can be reversed if other factors such as LPS are present. NGF nerve growth factor, BDNF brain 
derived neurotrophic factor, NT-3 neurotrophin-3, GDNF, Glial cell line-derived neurotrophic fac-
tor, IL interleukin, 5-HT 5-hydroxytryptophan
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mesencephalic progenitors to differentiate into tyrosine hydroxylase (TH) + dopa-
minergic neurons in vitro and in vivo (Roussa et al. 2006). When TGFβ2/TGFβ3 
double knockout mice were examined it was found they have reduced numbers of 
TH+ neurons in the ventral mesencephalon, however, in the locus coeruleus TH+ 
neurons were not significantly different from controls indicating that while TGFβ 
signaling may be important in the ventral mesencephalon it does not seem to con-
tribute to ventral midbrain dopaminergic neuron development (Roussa et al. 2006).

6.1.2  Microglia

Microglia, the brain’s resident phagocytic cells, play a central role in CNS develop-
ment and maintenance through regulating developmental neuronal death and the 
clearing of apoptotic neurons (Wakselman et al. 2008; Takahashi et al. 2005).They 
also phagocytose cellular debris and respond to ‘danger’ signals through produc-
tion of reactive oxygen species (ROS) and inflammatory cytokines (Neumann et al. 
2009; Ron-Harel et al. 2011). The significance of this function is illustrated through 
the depletion of microglia from murine neonatal cerebellar slice cultures. This spe-
cific elimination of microglia leads to increased Purkinje cell survival due to the 
reduction of phagocytosis of caspase-3-expressing Purkinje cells (Marin-Teva et al. 
2004). More recently in vivo studies have shown that microglia regulate neurogen-
esis in the cerebral cortex of primates, rodents and human fetal tissues (Cunning-
ham et al. 2013). Cunningham et al. (2013) show microglia enter and colonize the 
cortical proliferative zones near the end of neurogenesis and phagocytose neural 
precursor cells. Manipulation of microglia in rats either by suppressing microglia 
using doxycycline or activating them using injection of LPS resulted in increased 
and decreased numbers of neural precursors cells, respectively, further demonstrat-
ing the critical role microglia and the immune system play in regulating neuronal 
numbers in early brain development.

In general, microglia activation increases expression of inflammatory cytokines 
and can have toxic effects on the surrounding cells; however, they are also vital 
for the down regulation of immune responses through autocrine feedback loops 
and production of anti-inflammatory cytokines (Garden and Moller 2006). Embry-
onic microglia are known producers of TNF-α and are key regulators of develop-
mental apoptosis and synaptogenesis. Disrupting TNF-α signaling through use of 
anti-TNF-α antibodies or soluble TNF-α receptor (TNFR1) results in the decrease 
of AMPA-type glutamate receptors on hippocampal neurons and thereby modulate 
synaptic strength in these neurons (Beattie et al. 2002). TNF-α has been shown to 
upregulate expression of β3 integrins that help increase synaptic strength through 
stabilization of AMPARs (Cingolani et al. 2008). TNF-α is therefore suggested to 
have a central role for the homeostatic potentiation of synaptic strength during de-
velopmental synaptic refinement. Glial cells, in response to levels of activity in 
hippocampal cultures, have been shown to regulate TNF-α levels (Deverman and 
Patterson 2009).
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Macrophage colony-stimulating factor (M-CSF) a growth factor for macrophages 
and microglia is necessary for proper development of certain areas of the brain. M-
CSF mutant mice containing a null mutation in the M-CSF gene were shown to 
have auditory and visual processing impairment with failure of the newborn pups 
to respond to external cues and electrophysiologic abnormalities detected by intra-
cortical recordings of brainstem auditory evoked potentials and visual evoked po-
tentials (Michaelson et al. 1996). The effects of M-CSF are thought to be indirectly 
regulated by cytokine secreting microglia (Deverman and Patterson 2009). In ad-
dition to cytokines and chemokines, microglia produce many other regulatory and 
trophic factors promoting neuronal survival including: nerve growth factor (NGF), 
brain-derived neurotrophic factor (BDNF), neurotrophin (NT)-3, basic fibroblast 
growth factor, and glial-derived neurotrophic factor (GDNF) (Garden and Moller 
2006). Microglia not only influence neuronal cells but can also be influenced by 
neuronal activity through neurotransmitter receptors such as glutamate receptors 
and by astrocytes through purinergic receptors such as P2X4, P2X7, P2Y2, P2Y6 
and P2Y12 (Biber et al. 2007; Hung et al. 2010; Ferrari et al. 2006).

6.1.3  Cytokines, Immune Cells and Cognitive Function

Cytokines and immune cells are supportive in brain function including neurogen-
esis and cognitive functioning. Lymphocytes, for example, have been found to 
have a supportive role in cognitive functioning (Kipnis et al. 2012). Experiments 
with severe combined immune deficient (SCID) mice, that do not have any T or B 
cells, display impairments in hippocampal dependent spatial learning and memory 
through analysis of the Morris water maze behavioral test (MWM) (Kipnis et al. 
2004). Furthermore, nude mice (lacking only mature T cells) display similar impair-
ments assessed by MWM which could be partially rescued with replenishment of 
T cells from wild-type mice, demonstrating the role of T cells more specifically in 
areas of visuospatial learning (Kipnis et al. 2004; Ron-Harel et al. 2008; Brynskikh 
et al. 2008). To provide further support of the role of T cells in learning and memory 
another study looked at rats that were either raised under normal environmental 
conditions or under enriched conditions in which neurogenesis was enhanced in 
the dentate gyrus. To confirm the role of T cells, mice were used in which mono-
specific T cells to either myelin basic protein (auto specific) (Tmbp) or ovalbumin 
(OVA) (non-CNS specific) (Tova) were used. Tmbp mice were found to have higher 
amounts of proliferating neurons compared with controls and preformed better in 
the MWM, while Tova had less proliferating neurons than controls (Ziv et al. 2006). 
To emphasize the importance of T cell/microglia interactions in neurogenesis the 
Tmbp mice were treated with a microglia blocking drug, minocycline, which signifi-
cantly decreased neurogenesis in the dentate gyrus (Ziv et al. 2006). These findings 
support the role of T cells mediating neurogenesis and spatial learning through pos-
sible interaction with microglia.



98 D. R. Rose and P. Ashwood

Although T cells are not normally found in the CNS parenchyma under normal 
conditions, T-cell based support of behavioral plasticity is thought to take place in 
the meningeal spaces (Derecki et al. 2010; Schwartz and Shechter 2010). Deple-
tion of T cells from the meningeal spaces results in impairments of learning and 
memory based on MWM results. Of the meningeal T cell population, CD4+ IL-4+ 
T cells were found to be the most important for spatial learning and memory as 
IL-4 deficient mice showed defects in MWM (Derecki et al. 2010). Other studies 
have also used T cell manipulations to demonstrate improved learning and memory 
(Ron-Harel and Schwartz 2009; Ron-Harel et al. 2008). Manipulation of T cells 
in aged mice through bone marrow transplantation improved spatial memory in 
these animals compared to young animals and was increased when compared with 
non treated aged animals (Ron-Harel et al. 2008). It has been suggested that as-
sessing T cell immunity in old age could be used as a predictor of potential future 
memory loss and enhancing T-cell immunity could benefit age associated memory 
loss (Ron-Harel and Schwartz 2009).

Major histocompatibility complex (MHC) molecules are important cell surface 
molecules that interact with T cells involved in host immunity. It was long thought 
that the neural cells were among the small list of cells that did not express this fam-
ily of surface proteins; however, in the late 1990’s it was found that not only are 
these important immune molecules present on neurons but they actually influence 
synapse plasticity (Elmer and McAllister 2012). Mice with deficient signaling of 
class I MHC displayed impaired synapse plasticity (Huh et al. 2000). Peptides from 
within the cell are presented in MHC molecules and MHC I: peptide complexes, 
in an immunological context are scanned by cytotoxic T cells to detect abnormal 
conditions such as the presence of a viral infection or tumor. In the CNS it is thought 
that similar roles of MHC molecules are employed in presenting peptides in order to 
regulate normal developmental elimination of inappropriate synaptic connections, 
although the mechanism remains elusive (Boulanger 2009).

Communication between the immune system and CNS is not one way. Signal-
ing is multidirectional and information can also pass from the CNS to the immune 
system. Norepinephrine (NE) released from sympathetic nerve terminals can signal 
to macrophages through beta adrenergic receptors (Kin and Sanders 2006). In gen-
eral NE seems to have inhibitory effects on pro-inflammatory cytokine production 
such as TNF-α, IL-1β, and sometimes IL-6, based on data from splenic macrophages 
(Meltzer et al. 2004; Ignatowski et al. 1996; Nance and Sanders 2007). IL-6 produc-
tion has been found to be both increased or decreased in response to NE depending 
on other signals and stimuli such as the presence of LPS (Nance and Sanders 2007). 
Other neuro-based receptors found on immune cells include noradrenergic receptors, 
nicotinic α-7 receptors, receptors for neuropeptides and hormones, metabotropic glu-
tamate receptors (mGluRs) and receptors for monoamines serotonin and dopamine 
(Nance and Sanders 2007; Tracey 2002; Besedovsky and Rey 2007; Friedman and 
Irwin 1997; Pacheco et al. 2004). Signaling through these receptors can regulate and 
modulate immune function and may be important in response to stress and or in neu-
ro-psychiatric disorders were imbalances in neuromodulators have been observed.
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6.1.4  Neuroinflammation

While there are many beneficial roles of the immune system in CNS function, too 
much inflammation can be detrimental. Exposure to pathogens which activate im-
mune responses to protect against infections can result in increased production of 
pro-inflammatory cytokines that contribute to sickness behavior, while both anxi-
ety and depression have also been associated with inflammation (Irwin and Miller 
2007). Pro-inflammatory cytokines including IL-1β, TNF-α and IL-6 can act on the 
brain causing sickness behaviors ranging from loss of appetite, lethargy to irrita-
bility (Dantzer et al. 2008). In addition to inflammation or as a result of infection, 
events causing stress, injury and ageing can also induce these same inflammatory 
mediators (Yirmiya and Goshen 2011). In experiments where IL-1β was injected 
intracerbroventricularly (i.c.v.) into the right lateral cerebral ventricle either 24 h or 
1 h before training in the MWM, those rats injected for 1 h but not those injected 
24 h before training showed impaired performance in spatial memory the next day 
(Oitzl et al. 1993) suggesting changes may be fast acting but also dose-dependent 
and transient. Furthermore, increased peripheral levels of IL-1β following infec-
tion with Legionella pneumophila or by direct administration of IL-1β daily also 
showed impaired spatial memory and learning in mice (Gibertini et al. 1995) sug-
gesting there may be a conditioning effect with repeated prolonged exposure to 
cytokines. Transgenic mice that over express IL-1β show impairments in spatial 
memory that are particularly restricted to hippocampal dependent memory (Hein 
et al. 2010; Moore et al. 2009). Introduction of LPS also increases hippocampal 
IL-1 levels and induce similar impairments to special learning and memory (Nguy-
en et al. 1998). However, other study designs with different regimens of IL-1β 
administration did not show memory or learning impairments suggesting that the 
conditions and environmental factors contribute to memory and learning (Yirmiya 
and Goshen 2011). Additionally IL-1β associated neuroinflammation is linked in 
ageing and may play a role in age associated memory loss (Krabbe et al. 2004). 
Caspase-1 inhibitors when administered to aged mice over time reduced hippocam-
pal IL-1β and helped to improve contextual memory (Gemma et al. 2005; Krabbe 
et al. 2004). In Alzheimer’s disease increased levels of TNF-α, IL-6 and IL-1β have 
been detected in the serum and cerebral spinal fluid (Akiyama et al. 2000; Shaftel 
et al. 2008). Activation of microglia have been found in Alzheimer and other neu-
rological diseases such as Parkinson’s disease, multiple sclerosis and acquired im-
mune deficiency syndrome dementia complex (Kim and de Vellis 2005). As stated 
above, the immune system orchestrates a vital and delicate balancing act necessary 
for the proper development and maintenance of the CNS. When there is imbalance 
in either direction, increased or decreased, appropriate functions of the CNS can 
become impaired.
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6.1.5  Neuroinflammation in ASD

Recent studies have suggested that neuroinflammation occurs in individuals with 
ASD. Inflammation in post mortem brain specimens of a wide range of individu-
als with ASD age 4–45 years old have been observed, specifically, the cerebellum, 
anterior cingular gyrus and the midfrontal regions of the brain (Vargas et al. 2005). 
Neuroglial activation and presence of increased levels of inflammatory cytokines 
such as IFN-γ, IL-1β, IL-6, TNF-α and chemokines CCL-2 were found in brain tis-
sue and CSF (Li et al. 2009; Morgan et al. 2010; Vargas et al. 2005). Additionally 
postmortem brain samples of patients with ASD were also found to have increased 
levels of glial fibrillary acidic protein (GFAP) in the frontal, parietal and cerebellar 
cortices (Laurence and Fatemi 2005). GFAP is expressed in activated astrocytes and 
is also a sign of inflammation. The cerebellum in particular showed the most promi-
nent histological changes and microglial activation in individuals with ASD. In ad-
dition, some of the cerebellar tissues from individuals with ASD, but none of the 
control tissues had accumulation of perivascular macrophages and monocytes and 
deposition of complement membrane attack complexes which suggest that the neu-
roinflammation seen may be primarily driven by innate immune responses (Vargas 
et al. 2005). Furthermore, researchers found increases in Th1 with no differences in 
Th2 cytokines suggesting that ASD patients have increased neuroinflammatory im-
mune response through the Th1 pathway (Li et al. 2009). Increases in Th1 cytokines 
such as IFNγ were not compensated by increases in IL-10 also suggesting a failure 
in immune regulation (Li et al. 2009). In addition to increases in cytokines, post-
mortem temporal cortex samples from ASD and general population controls were 
assessed for transcriptome differences and increases in expression of immune re-
lated genes were found in the ASD population (Garbett et al. 2008). In particular cy-
tokine signaling and immune regulatory genes were altered, which included genes 
from the NFκB, IL-1r, Toll, IL-6, Caspase, Th1/Th2 and FAS pathways. Interest-
ingly, the ASD samples had higher variability in transcriptome differences when 
compared to controls (Garbett et al. 2008). Furthermore, activation of microglial 
cells and perivascular macrophages measured by increased MHC II expression was 
seen in the cortical regions, white matter and most prominently in the cerebellum 
of patients with autism. This microglial and astroglial activation in the cerebellum 
was associated with degenerating purkinje cells, granule cells, and axons (Vargas 
et al. 2005). Altered microglial profiles found in post mortem brain samples of ASD 
patients showed an increase in average microglial somal volume and increase in 
microglial density in white and grey matter respectively and activation ranged from 
severe to mild in ASD brain specimens (Morgan et al. 2010). The data also suggest-
ed that microglial activation maybe particularly prominent in younger individuals, 
though more samples are needed to verify this (Morgan et al. 2010).

The specific inducer of microglia activation in ASD is unknown and whether 
dysfunction in immune pathways leads to neuroinflammation or if CNS impair-
ments in ASD lead to immune dysregulation, or in fact an interplay between the two 
systems, is yet to be fully elucidated. Both environmental and genetic risk factors 
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are thought to play a role in ASD. Genetic contributions to ASD were first sug-
gested in the 1980’s after investigation of co-occurrences of rare syndromes and 
chromosomal disorders were observed with ASD (Blomquist et al. 1985). Moreover 
the increased occurrences of ASD in families shown in twin and sibling studies fur-
ther provided evidence for a genetic component to ASD (Kates et al. 2004; Bailey 
et al. 1995; Constantino and Todd 2000; Steffenburg et al. 1989; Jorde et al. 1991). 
Candidate gene association studies and whole-genome linkage studies have been 
used to identify loci of interest and assess copy number variation. Even with a long 
list of putative contributing genetic mutations and syndromes associated with ASD, 
these only account for 10–20 % of cases (Abrahams and Geschwind 2008). Genetic 
risk factors for ASD include genes that affect both CNS and immune pathways. Im-
mune related genes associated with ASD include: phosphoinisitide–3 kinase (PI3K) 
pathway proteins such as MET, PTEN, TSC1 and 2, as well as MHC II, complement 
4B, and macrophage inhibitory factor (MIF) (Onore et al. 2012).

6.2  Maternal Immune Activation and ASD

6.2.1  Infection During Pregnancy

In addition to genetic contributions, environmental factors are also thought to play 
a role in ASD. Maternal immune activation (MIA) during pregnancy is one poten-
tial environmental factor that may increase the risk for developing ASD (Patterson 
2009). Studies investigating viral and bacterial infections during pregnancy have 
shown associations with maternal infection and increases in ASD, including in 1964 
when a rubella outbreak was connected with increased cases of autism (Chess et al. 
1978). Other viruses that have been linked to congenital infection and associated 
with ASD include the herpes viruses: herpes simplex virus, cytomegalovirus, vari-
cella and the paramyxovirus mumps (Libbey et al. 2005). The study of data from the 
Danish Medical Birth Register investigated 10,133 ASD diagnoses from children 
born from 1980 to 2005 looking at mothers who were hospitalized during preg-
nancy and found evidence to support association of viral infection during the first 
trimester and bacterial infection during the second trimester with increased risk of 
the child developing ASD (Atladottir et al. 2009). It is possible that genetically pre-
disposed or susceptible individuals who encounter a prenatal infection may develop 
ASD due to high levels of cytokines or initiation of autoimmune processes resulting 
in increased maternal inflammation which could affect the developing fetal brain 
(Libbey et al. 2005). Additional evidence to infer maternal immune involvement 
in autism is data showing increased rates of autoimmunity in families with ASD 
(Croen et al. 2005; Atladottir et al. 2009). In support of a role of MIA, one study 
showed that mid-gestational findings of increased IFNγ, IL-4 and IL-5 in maternal 
serum significantly increased the risk of ASD (Goines et al. 2011).
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6.2.2  Other Inflammatory Processes

In addition to increased frequencies of autoimmunity among families with individu-
als with ASD some reports have also identified fetal specific autoantibodies in the 
mothers of children with autism (Braunschweig et al. 2008; Croen et al. 2008). IgG 
maternal antibodies can cross the placenta and persist for up to 6 months after birth 
(Heininger et al. 2006). Antibodies with autoreactivity to fetal brain proteins were 
found at 37 kDA and 73 kDa molecular weights in approximately 12 % of mothers 
with an autistic child but no mothers of typically developing children or children 
with developmental delays other than ASD (Braunschweig et al. 2008); later an-
other band with a molecular weight of 39 kDa was also found to be associated with 
ASD (Croen et al. 2008). Maternal antibodies are present in detectable levels at 18 
weeks in the developing fetus and reach levels comparable to the mothers by 38 
weeks of gestation (Croen et al. 2008). To further test the role these autoantibod-
ies are playing in ASD, several studies have injected serum or purified IgG from 
mothers of children with ASD and mothers of controls into various animal models 
mid gestation. In one study pregnant mouse dams were intraperitoneally injected 
with purified IgG from mothers of children with autism disorders (MCAD) or from 
mothers of typically developing children. Injections were given daily during em-
bryonic days 13–18, resulting in adolescent offspring from MCAD injected dams 
which displayed long-term behavioral differences compared with controls (Singer 
et al. 2009). In another study non-human primate, rhesus macaques were injected 
with purified IgG from mothers of children with ASD and from those of typically 
developed children. Animals were found to have higher amounts of stereotypical 
behaviors and increased motor activity than controls (Martin et al. 2008). These 
data suggest that dysfunction of the maternal immune system may play an active 
role in the pathology of some children who develop ASD.

6.2.3  Rodent Models of MIA

Other models that investigate the role of MIA include rodent models of immune 
activation of pregnant dams. IL-6 is an important cytokine involved in maternal 
immune influence of fetal development (Hsiao and Patterson 2011). Injecting IL-6 
in the absence of other immune stimulus at embryonic day 12.5 is sufficient to 
cause behavioral changes in the offspring, particularly in measurements of prepulse 
inhibition of adult offspring (Smith et al. 2007). Other pro-inflammatory cytokines 
such as IL-1β, TNF-α and IFN-γ did not cause any changes in behaviors. Like-
wise, injection of neutralizing anti IL-6 antibodies administered when MIA was 
induced prevented development of behavioral abnormalities. IL-6 knockout mice 
also exhibited resistance to in utero MIA induced behavioral changes (Smith et al. 
2007). Pregnant mice infected with the human influenza virus on embryonic day 9.5 
had offspring who as adults displayed behavioral defects in prepulse inhibition and 
acoustic startle response (Shi et al. 2003). Additionally when polyinosinic –poly-
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cytidylic acid (poly I:C), a viral mimic, was injected into dams at embryonic day 
12.5 the offspring had similar behavioral defects as the influenza infected offspring 
suggesting that the behavioral abnormalities are indeed due to activation of the ma-
ternal immune system not the virus itself (Shi et al. 2003). Recent studies with poly 
IC induced MIA in mice show behavioral changes in three areas relevant to those 
seen in ASD which include impairments in communication, social interactions and 
repetitive behaviors (Malkova et al. 2012; Schwartzer et al. 2013). Male offspring 
of MIA mice were found to produce less ultrasonic vocalizations (a murine form of 
communication) in different social situations compared with controls. In addition, 
the offspring were also found to spend less time with novel mice and more time with 
a novel object when compared to saline controls indicating a difference in social 
interactions and finally the MIA offspring displayed more repetitive behaviors as 
measured by time spent self grooming and time spent burying marbles compared 
with controls (Malkova et al. 2012). In addition to poly I:C models, the use of the 
bacterial component lipopolysaccaride (LPS) as a mid-gestational activator of the 
maternal immune system has been tested and results in behavioral changes in off-
spring similar to those observed using poly I:C (Patterson 2009). In the latter model 
neuroglial activation and increased cytokine production has been shown that likely 
results in permanent elevation of cytokines in the brain that affect postnatal behav-
iors (Patterson 2009). These models together with epidemiological data of human 
infection during pregnancy demonstrate that the immune status of the mother is im-
portant for the developing fetus (Patterson 2009). Since not all mothers who are in-
fected with a pathogen have offspring with ASD it is likely that genetic background 
acts as a factor to enhance ASD risk. Gene—environment interactions are thought 
to play a major role in ASD. One study examined these interactions by testing MIA 
in mice heterozygous for the tuberous sclerosis 2 (Tsc2) gene. Offspring of dams 
injected with poly I:C exhibited increased asocial behavioral abnormalities more 
than MIA alone suggesting a double hit of genetic and environmental factors results 
in severe behavioral defects (Ehninger et al. 2012). In addition to alteration in fetal 
neurodevelopment it is also possible that MIA alters peripheral immune responses 
as well. In one study of MIA, a Th17 skewing of T cells were seen in poly I:C ma-
ternally exposed mice compared with controls (Mandal et al. 2011).

6.3  Systemic Immune Activation in ASD

6.3.1  Peripheral Cytokines and Chemokines in ASD

Immune abnormities in ASD have been reported since 1977 (Stubbs and Crawford 
1977). Since that initial report there have been a number of immune related problems 
described with some conflicting findings likely reflecting the heterogeneity of ASD. 
Elevated pro-inflammatory cytokines have been found in plasma of children with 
ASD aged 2–5 years old including IL-1β, IL-6, IL-8 and IL-12p40 (Ashwood et al. 
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2011b). Elevated amounts of chemokines MCP-1, RANTES and eotaxin were also 
found in children with ASD (Ashwood et al. 2011d). In both studies these elevated 
inflammatory mediators were associated with more impaired or aberrant behaviors. 
Other reports of inflammatory cytokines found elevations of IFNγ (Singh 1996), 
MIF (Grigorenko et al. 2008) and platelet derived growth factor BB (PDGF-BB) 
in plasma of children with ASD (Kajizuka et al. 2010). Both MIF and PDGF cor-
related with behavioral scores as well. In addition to increases in pro-inflammatory 
cytokines, decreases in TGFβ, a regulatory cytokine, were also found in children 
with ASD which were associated with worsening behavioral scores (Ashwood et al. 
2008). In addition to plasma cytokine differences, there have also been reports of 
differences in immunoglobulin levels. One study reported that children with autism 
have reduced levels of plasma IgG and IgM which also correlated with increased 
behavioral severity (Heuer et al. 2011). Other studies have reported increases in 
serum proteins attributed mostly to increases in albumin; however, IgG, specifically 
IgG2 and IgG4 were also seen elevated in individuals with ASD and these increases 
in immunoglobulin correlated with behavioral abnormalities (Croonenberghs et al. 
2002; Enstrom et al. 2009a). Autoantibodies to various and diverse targets have 
been reported in children with autism and could point to cellular damage that may 
be involved in increasing inflammation, revealing antigens otherwise hidden and/or 
epitope spreading (Onore et al. 2012).

6.3.2  Adaptive Responses in ASD

Adaptive immune responses in children with ASD also show increased cytokine 
production. Peripheral blood mononuclear cells (PBMC) isolated from the blood 
of children with ASD ages 2–5 were stimulated and compared to age matched 
controls. Unstimulated cells from children with ASD produced higher amounts of 
IL-8 when cultured overnight. After stimulation with phytohemagglutinin (PHA), 
cells from individuals with ASD produced larger quantities of GM-CSF, IL-13 and 
TNF-α (Ashwood et al. 2011c). A number of these increased cytokines also corre-
lated to behavioral abnormalities. Increased production of TNF-α and IFN-γ were 
associated with more stereotyped behaviors. Increased impaired communications 
were associated with higher IFN-γ and IL-8 production. IL-12p40, a subunit of 
IL-12, correlated with worsening speech and increased hyperactivity (Ashwood 
et al. 2011c). This data suggest that perhaps an increased Th1 response may worsen 
behaviors. Both increases in IL-10 and IL-5 may help to improve behaviors—IL-10 
increases were associated with better expressive language while increased IL-5 pro-
duction correlated with improved fine motor skills. Besides increased production of 
cytokines, PBMC differences were also seen in T cell activation markers suggesting 
an altered activation of T cells which may contribute to the differences in cyto-
kines produced (Ashwood et al. 2011c). Other studies have also looked at CD4 and 
CD8 T cells and have found a shift in Th1 and Th2 cytokines (Gupta et al. 1998).
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Adhesion molecules play an important role in leukocyte migration and are in-
volved in modulating immune—CNS connections via passage of T cells through 
epithelial barriers. Soluble adhesion molecules such as sPECAM, sL-selectin, and 
sP-selectin were found in lower amounts in high functioning ASD individuals when 
compared to controls (Iwata et al. 2008; Tsuchiya et al. 2007). Reports of improved 
behaviors during febrile outbreaks in children with ASD have also been described; 
these changes in behavior are transient and may be attributed to increased up-
regulation of adhesion molecules allowing for more T cell-CNS interactions (Onore 
et al. 2012; Curran et al. 2007).

6.3.3  Innate Responses in ASD

Changes in innate immune responses have been described in children with ASD. 
Natural killer (NK) cells, normally involved in killing atypical host cells, have been 
found to have reduced ability to kill K562 target cells (an immortalized myelog-
enous leukemia cell line) in children with ASD (Warren et al. 1987; Enstrom et al. 
2009b; Vojdani et al. 2008). Factors that may contribute to decreased NK cell ac-
tivity may be attributed to production of lower amounts of perforin, granzyme B 
and IFN-γ following stimulation conditions in children with ASD (Enstrom et al. 
2009b). Increased numbers of circulating monocytes have also been reported in 
ASD (Sweeten et al. 2003). Moreover, increased expression of activation markers 
on these monocytes suggest that these cells are in an activated state (Ashwood et al. 
2011a). Indeed these cells have been found to have released increased inflammatory 
cytokines such as IL-1β, TNF-α and IL-6 in response to TLR2 and TLR4 stimulus. 
Increased production of IL-6 and IL-1β correlated with increased impairment of so-
cial behaviors in children with ASD (Enstrom et al. 2010). Monocytes under certain 
conditions can give rise to other myeloid cells such as dendritic cells, tissue macro-
phages and microglia (Djukic et al. 2006; Geissmann et al. 2010). Altered activation 
and responses in myeloid cells, therefore, have many implications for inflammation 
in both peripheral and CNS systems.

6.4  Gastrointestinal Abnormalities in ASD

6.4.1  GI Symptoms and Frequency in ASD

Recent studies have suggested that many children with ASD suffer from gastroin-
testinal (GI) symptoms, dysfunction and inflammation. Associations between ASD 
and GI symptoms were first reported in the early 1970s (Goodwin et al. 1971). 
Goodwin looked at 15 autistic children and found seven of them had GI issues. 
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Since then various other groups have reported the frequency of GI symptoms in the 
ASD population ranging from 17 to 86 % (Erickson et al. 2005). The differences in 
reported GI abnormalities in children with ASD are in part due to the design of these 
studies with many lacking proper controls or were based on referral biases that only 
include children with ASD who have GI complaints. Other factors contributing to 
the wide range of reports include the heavily skewed amount of retrospective stud-
ies that rely on either medical records which mainly look at confirmed diagnosis 
of GI disease and may not necessarily include GI symptoms experienced in all 
patients or via a parental survey. Conversely, purely parental based surveys have 
the disadvantage of often involving memory recall of past GI problems whilst ad-
ditional impairments in language in non-verbal children make it more difficult for 
parents to perceive pain in children with ASD. Differences between studies can also 
be attributed to non standardized GI surveys which define GI symptoms differently 
among the various studies (Mannion et al. 2013). Common gastrointestinal symp-
toms that are reported include: diarrhea, constipation, foul smelling stools, gaseous-
ness, abdominal pain, and food regurgitation/reflux.

6.4.2  Nutrition and GI Immunity in ASD

Many of the reports of gastrointestinal symptoms in children with ASD have led 
some researchers to look into the role that nutritional imbalance may be playing 
in some of the GI symptoms reported. Studies examining the relationship between 
nutritional input and its effect on ASD; however, have not supported this hypothesis 
(Levy et al. 2007). Core features of autism such as repetitive behaviors and resis-
tance to change may impact feeding behaviors and nutrition in children with ASD 
(Erickson et al. 2005). Overall these studies show that while children with ASD 
tend to have increased food selectivity but that selectivity does not seem to cause 
malnutrition and overall, nutrient intake is adequate in children with ASD (Raiten 
and Massaro 1986; Shearer et al. 1982; Ahearn et al. 2001; Field et al. 2003). Some 
reports concerning increased rates of food allergies among ASD populations have 
been reported (Horvath and Perman 2002). One such study seeking to address these 
concerns found that children with ASD had more responses to food allergens as 
measured by positive pin prick reactions (Lucarelli et al. 1995). In another study ad-
dressing these same concerns, children with ASD were compared to normal siblings 
and children with known dietary protein intolerances; elevated levels of IFNγ and 
TNFα were found in PBMC response to dietary proteins in both the ASD group and 
the known dietary intolerances group (Jyonouchi et al. 2002). Also of note in this 
same study a correlation between elevated IFNγ and TNFα responses with dietary 
proteins and elevated response to LPS was seen in children with ASD (Jyonouchi 
et al. 2002). This suggests that an imbalanced immune system may be playing a role 
in GI dysfunction.
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6.4.3  GI Immunity

The gastrointestinal tract is the immune system’s largest source of lymphoid tissue 
and is an important site of immune regulation (Turner and Goldsmith 2009). It is 
therefore conceivable that mucosal immune dysfunction could be playing a role 
in children with ASD who have GI symptoms. Immunohistochemical findings of 
children with ASD and GI problems showed an increase in CD8 T cells in duode-
nal and colonic samples (Torrente et al. 2002; Furlano et al. 2001), with increases 
also seen in γδ T cells in transverse colon samples (Furlano et al. 2001). In addi-
tion, decreases in peripheral T cell numbers were reported in children with ASD 
who have GI symptoms (Ashwood et al. 2003) and may reflect numbers of T cells 
translocating to the GI mucosa in this subset of ASD individuals. Other immunohis-
tochemical findings revealed deposition of IgG and complement C1q co-localized 
on the basolateral enterocyte membrane in ASD GI samples (Torrente et al. 2002; 
Ashwood et al. 2003) suggesting a possible autoimmune component to ASD GI 
dysfunction. Other studies have illustrated findings of increased number of paneth 
cells in children with autism and gastrointestinal symptoms (Horvath and Perman 
2002; Torrente et al. 2002; Horvath et al. 1999).

Common reports of children with ASD having “leaky gut” have been noted and 
one study in particular looked at 21 autistic children without known GI disease and 
found 9 with mucosal permeability; none of the 40 normal controls had permeability 
issues (D’Eufemia et al. 1996). Results of this study were confirmed when another 
group also found increased GI permeability in children with ASD and GI problems 
(Horvath 2000). In humans, disruption of mucosal barriers can occur in the absence 
of inflammation. Thus, increased mucosal permeability does not necessarily pre-
dict inflammation. Interestingly though, findings of atypical intestinal microbiota 
composition in ASD including increased findings of Clostridium species in stool 
samples of children with ASD, (Finegold et al. 2010; Finegold et al. 2004; Finegold 
et al. 2002) may elicit mucosal immune responses and GI dysfunction in some chil-
dren with ASD and GI symptoms especially if bacteria are able to move across a 
more permeable intestinal barrier. Moreover, a small study developed on the reports 
of abnormal microbiota composition in children with ASD looked at 11 children 
with ASD, and treated with the antibiotic vancomycin, aiming to remove deleterious 
microbes with the antibiotic. Findings of this study include temporarily improved 
behavioral symptoms (Sandler et al. 2000). Another study addressed this issue by 
treating children with ASD and GI issues with oral human immunoglobulin (IG). 
The results showed that after administering oral IG for 8 weeks, 50 % of the pa-
tients had improvements in GI severity; however, benefits for the treatment were not 
maintained at the 30 day follow up. Behavioral improvements were also seen from 
baseline through the end of the 8 week treatment (Schneider et al. 2006). Other stud-
ies that assessed treatment for GI and behavioral symptoms include treatment with 
secretin. Erickson et al. (2005) reported findings from 11 double blind and 2 open 
label studies testing secretin treatments in the ASD population. While one of the 
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open label studies reported behavioral improvements based on parental reporting, 
all double blind studies showed no differences between control (placebo) groups 
and secretin treatment groups (Erickson et al. 2005). These studies suggest that 
more research is needed to address the GI/immune/brain connection. There have 
been some studies that try to investigate the role GI inflammation has in altering 
behaviors and CNS function. One group of researchers infected AKR mice with the 
parasite trichurs muris and measured GI inflammation, brain biochemistry changes 
and behaviors related to anxiety. The authors found that chronic GI inflammation 
induces anxiety-like behavior in AKR mice (Bercik et al. 2010). Increased use and 
development of behavioral testing in mice now make it easier to measure behavioral 
changes associated with various induced and natural occurring conditions in mice.

6.4.4  Behavior and GI Dysfunction

Behavioral abnormalities associated with GI symptoms in autism include studies 
that have found children who had sleep abnormalities were also more likely to have 
GI problems (Maenner et al. 2012; Mannion et al. 2013; Ming et al. 2008). Mazurek 
et al. (2012) looked at 2973 children enrolled in autism treatment network and found 
that children with ASD and GI problems had higher levels of anxiety and sensory 
overresponsivity. The authors also suggest that the relationship of these three symp-
toms could include the involvement of the hypothalamic-pituitary-adrenal (HPA) 
axis and amygdala based circuits. It is of note that the HPA axis also regulates im-
mune function (Mazurek et al. 2012; Herman and Cullinan 1997). The likelihood of 
a connection between mucosal immune irregularities and behavior in ASD is intrigu-
ing. While it is possible that immune dysfunction in the GI tract interacts with an 
already abnormal brain to aggravate behavioral symptoms or whether GI problems 
are just another manifestation of systemic immune abnormalities are questions still 
to be explored. Many studies examining animal and human subjects reveal elevated 
peripheral cytokines are able to cause striking changes in behavior (Patterson 2009). 
It still remains to be seen if similar phenomenon occurs with mucosal inflammation.

6.5  Conclusion

ASD is a complex and heterogeneous spectrum of behavioral disorders made even 
more apparent by the wide array of genetic and environmental factors and influ-
ences that have been linked to it. This heterogeneity has also impacted studies of 
the immune system with many findings that are often confusing and sometimes 
conflicting. Overall one theme that has remained constant is that, inflammation is 
associated with ASD. Findings of neuroinflammation in the CSF and brain tissue, 
peripheral immune abnormalities on both the innate and adaptive responses and the 
increasing number of studies on GI dysfunction within ASD all come to a consensus 
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that immune dysfunction can have persistent impact on behavior. More research is 
needed to further elucidate the mechanisms by which the immune system affects 
neurological and behavioral changes and to investigate immune modulating thera-
peutics for ASD.
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Abstract This chapter reviews the existing literature on neuroimaging in autism 
spectrum disorders. Research methodology and significant findings from structural 
and functional magnetic resonance imaging (MRI), magnetic resonance spectrom-
etry (MRS) and positron emission tomography (PET) are described. Overall, despite 
significant heterogeneity in study results, a pattern emerges suggesting early brain 
overgrowth in the first few years of life, followed by dysmaturation in adolescence. 
Connectivity analyses reveal impaired long-range connectivity as well as increased 
local and/or subcortical connectivity in ASD. Such findings help to inform hypoth-
eses regarding the etiopathogenesis of this condition, but have yet to yield practical 
clinical applications.
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Investigations using neuroimaging in Autism Spectrum Disorders (ASD) have cen-
tered on two primary goals: (1) to describe aberrant neurodevelopment in popula-
tions with ASD in attempts to further elucidate the etiopathogenesis of this condi-
tion; and (2) to identify potential neuroimaging biomarkers which may be predic-
tive of a clinical diagnosis, prognosis or treatment response when applied to an 
individual. As of 2013, there is insufficient evidence to support the routine use of 
clinical neuroimaging during diagnostic evaluation of ASD. This chapter is there-
fore a summary of research literature to date.

Each section in this chapter will begin by highlighting different methodologi-
cal approaches to neuroimaging in ASD, as it has developed over three decades of 
research, in order to introduce the reader to this emerging field and to provide context 
for interpretation of subsequent findings. Specifically, the majority of the literature 
has employed manipulation of magnetic resonance imaging (MRI) data, beginning 
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in the 1980’s with volumetric comparisons across the entire brain (Sect. 7.2) and in 
specific regions of interest (Sect. 7.6). Advancements in computational modeling and 
automated image processing paved the way for voxel based morphometry (VBM) 
and cortical thickness mapping, which will be discussed in detail in Sects. 7.3 and 
7.4, respectively. VBM technology is also applied to study of the shape, thickness 
and pattern of folding of the cortical surface (Sects. 7.4 and 7.5) as well as to de-
scribe the structural connectivity patterns across the brain (Sect. 7.8). White matter 
analysis incorporating diffusion measurements subsequently permitted characteriza-
tion of aberrant microstructure development in this condition, as will be discussed 
in Sect. 7.7. Functional neuroimaging techniques, incorporating functional MRI 
(fMRI, Sect. 7.10) and positron emission topography (PET, Sect. 7.11) will be sur-
veyed, along with magnetic resonance spectroscopy (MRS, Sect. 7.9).

Within each section, significant, but often heterogeneous results will be discussed 
with respect to neurodevelopmental trajectories in ASD as well as the potential clini-
cal utility of these findings. The chapter concludes with tentative recommendations 
regarding future areas of investigation. It is hoped that the development of more cost-
effective and efficient neuroimaging technology, combined with the identification of 
highly sensitive, specific and predictive biomarkers, will yield neuroimaging proto-
cols that may prove useful as a screening or diagnostic tool within the next decade.

7.1  Volumetric Analysis

In the late 1980’s and early 1990’s, MRI became more widely available in both 
clinical and research departments. Early trials of MRI in neuropsychiatric diseases 
required manual delineation of brain structures by technologists or investigators. 
Over time, it has become apparent that relative differences between patient and con-
trol populations can vary significantly depending on the age, sex, ethnicity, IQ, total 
brain volume and social economic status of the selected patient and control groups. 
Various efforts to control for these measures have been attempted, and remain a 
challenge in clinical research today.

Some of the first written reports of volumetric differences in patients with ASD 
were conducted on relatively low-resolution [0.5 Tesla (T)] MRI scanners. Ventric-
ular enlargement in affected individuals was one of the first observations (Gaffney 
et al. 1987). As MRI technology advanced, studies conducted with 1.5 T scanners 
permitted more detailed structural analysis and comparisons. Increased total brain 
volume and increased ventricular volumes began to emerge more consistently in 
patients compared to controls, even after samples were controlled for IQ and height 
(Piven et al. 1995, 1996), and total intracranial volume (Hardan et al. 2001).

Increased total brain and ventricular volume was a finding that seemed more 
pronounced in young children with ASD compared to age matched controls (Ayl-
ward et al. 2002; Courchesne et al. 2001). Enlarged brain volumes correlated with 
larger head circumferences beginning at 1–2 years of age in patients with ASD, 
despite having average or below average head sizes at birth (Courchesne et al. 2003; 
Hazlett et al. 2005).
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A meta-analysis of head circumference and volumetric MRI studies in ASD con-
ducted prior to 2005 revealed a fairly consistent pattern of slight decreases in head 
circumference at birth, followed by volume enlargement in the first few years of 
life. During adolescence and adulthood, individuals with ASD did not differ sig-
nificantly from their typically developing peers, however (Redcay and Courchesne 
2005). Efforts to document abnormal growth rates using prospective and longitudi-
nal data have observed accelerated growth trajectories in very young children (see 
Fig. 7.1; Schumann et al. 2010; Shen et al. 2013), as well as exaggerated volume 
losses in adolescence (Courchesne et al. 2011a).

Recently, a systematic review and re-analysis of head circumference and volu-
metric data suggests that biases in the selection of control populations may be false-
ly inflating differences in patients with ASD. The authors propose that had previous 
studies selected control samples from local communities, as well as accounted for 
known head circumference and brain volume confounders such as weight, ethnicity 
and social economic status, results would have been much less pronounced regard-
ing early brain overgrowth in this disorder (Raznahan et al. 2013).

That being said, a recent publication sought to determine whether early neuroim-
aging biomarkers in infants at high risk for ASD might be predictive of a subsequent 
diagnosis. Shen et al. followed 55 infants (33 of whom were considered high risk 
given that they had a sibling with ASD and 22 of whom were considered low risk) 
with serial MRI scans between 6 and 24 months of age. They found that infants who 
were subsequently diagnosed with ASD had significantly greater extra axial fluid 
volumes (cerebrospinal fluid in the subarachnoid spaces), greater total brain vol-
ume (see Fig. 7.1), larger head circumferences, and larger lateral ventricle volumes. 
A ratio of extra-axial fluid volume to brain volume at 12–15 months of age that 

Fig. 7.1  Shen et al. showed how infants and toddlers who were subsequently diagnosed with ASD 
had greater total cerebral volumes (after removing non brain tissue) and increased rates of growth, 
as compared to children with other developmental delays or with typical development. (Repro-
duced with permission from Brain. Shen et al. 2013)
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was greater than 0.14 was predictive of a subsequent diagnosis of ASD with 78 % 
sensitivity and 79 % specificity. These findings have yet to be replicated, but the 
authors suggest that structural MRI monitoring in high risks infants merits further 
investigation (Shen et al. 2013).

7.2  Voxel Based Morphometry

As the resolution of MRI imaging technology continued to improve, computerized 
data-analysis software was also developed, which permitted more precise quantifica-
tion of imaging data. Voxel based morphometry (VBM) is an approach which mea-
sures the specific grey matter content of each volumetric pixel (voxel), thereby per-
mitting automated delineation of grey and white matter. Simultaneously, images can 
be ‘warped’ onto a common template, in order to more precisely enumerate the differ-
ences between cases and control data sets (Hernandez-Garcia and Buschkuehl 2012).

This technology has allowed for a more exact quantification of whole brain and 
regional volumes, removing the need for manual mapping. In addition, specific 
subregions can be investigated in greater detail, or the whole brain can be surveyed, 
in terms of grey matter density by voxel cluster. Alternatively, strategies to correlate 
structural MRI data from VBM with social and cognitive function have also been 
employed (Ecker et al. 2012).

There is significant heterogeneity in the literature regarding findings. Differ-
ences in image filtering techniques, corrections applied for motion artifacts, statis-
tical thresholds given multiple comparisons, selection of brain templates, as well 
as demographic and clinical differences in patient samples have complicated the 
interpretation of study results. Several meta-analyses (Duerden et al. 2012; Nickl-
Jockschat et al. 2012; Via et al. 2011; Yu et al. 2011; Cauda et al. 2011) have at-
tempted to synthesize findings, but even results across meta-analyses are variable 
(see Table 7.1). Two meta-analytic approaches in VBM include the activation likeli-
hood estimate (ALE) (Laird et al. 2005) and the signed-differential mapping (SDM) 
methods. Both ALE and SDM combine data from published MRI coordinates to 
generate probability maps identifying grey and white matter clusters where findings 
converge across studies.

Areas that seem to emerge most consistently in these meta-analyses include vol-
ume loss in the putamen (Duerden et al. 2012; Nickl-Jockschat et al. 2012; Yu et al. 
2011), volume gains in the caudate (Duerden et al. 2012; Yu et al. 2011) and volume 
loss in the hippocampus and amygdala (Nickl-Jockschat et al. 2012; Via et al. 2011; 
Yu et al. 2011). Significant differences also emerge in the prefrontal cortex (see 
Table 7.1). These findings must be interpreted with the consideration that structural 
brain changes in ASD may in part be due to comorbid psychiatric symptoms (Ju-
ranek et al. 2006), as well as concomitant treatment with psychotropic medications 
(Chakos et al. 1994). These and other confounding factors cannot be controlled for 
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(Duerden et al. 
2012)

(Nickl-
Jockschat 
et al. 2012)

(Cauda 
et al. 
2011)

(Via et al. 
2011)

(Yu et al. 2011)

Method ALE ALE ALE SDM ALE
Groups Children Adults n/a n/a n/a ASD ASP
Frontal Lobe
Precentral gyrus − R/L − L − L
Medial Frontal 
gyrus

− R/L − R − L + R − R

Superior frontal 
gyrus

− R
+ R

− R/L
+ R

− L
− R

Middle frontal 
gyrus

− R/L + R/L + L + R

Inferior frontal 
gyrus

− L − L + L

Temporal Lobe
Superior temporal 
gyrus

− R/L
+ R/L

− R

Middle temporal 
gyrus

− R/L
+ R/L

− R
+ R

− R + R/L
− R

+ L + R

Inferior temporal 
gyrus

− R
+ L

Fusiform gyrus − R/L
+ L

+ R − L
+ R

+ R

Parietal Lobe
Superior Parietal 
Lobule

− L − R

Inferior Parietal 
Lobule

− L
+ R

− R/L − R + R

Precuneus − R/L
+ R

− R + R + R
− R

− R/L + R − R

Primary Sensory 
Cortex

− L − R + R

Occipital Lobe
Temporal Occipi-
tal Regions

+ R/L

Middle Occipital 
Region

− L+ R − R − L

Inferior Occipital 
Region

+ R

Table 7.1  Areas containing grey and white matter clusters of increased (+) or decreased (−) vol-
ume/density across voxel based morphometry meta-analyses in patients with ASD vs. controls. 
(L/R: left or right side, ALE: activation likelihood estimate, SDM: signed-differential mapping, 
ASP: Asperger’s syndrome). Note: − R/L indicates an area of decreased volume/density of grey 
matter in this region on both the left and right side. − R/L and + R/L indicates subregions within the 
specified region that are both increased and decreased on both sides
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(Duerden et al. 
2012)

(Nickl-
Jockschat 
et al. 2012)

(Cauda 
et al. 
2011)

(Via et al. 
2011)

(Yu et al. 2011)

Method ALE ALE ALE SDM ALE
Groups Children Adults n/a n/a n/a ASD ASP
Cuneus − R/L
Lingual Gyrus + L + R + L + L
Insular cortex
Any location − R/L

+ R
+ R
− R

+ R

Cerebellum
Any location − R/L

+ R
− R/L
+ R/L

+ R/L − R/L
+ R

− R

Cerebellar Vermis − R/L + R
Cerebellar Tonsil − R/L
Subcortical Structures
Putamen − L

+ L
− R/L − R/L − R

Caudate + R + R head
− R tail

+ R/L

Thalamus − R/L
Limbic System and Associated Structures
Hippocampus − L − R − R − R/L
Hippocampal 
Gyrus

− R/L + L + R + R

Uncus − R + R
Amygdala − R − L − R − R − R/L
Anterior Cingulate − R

+ R
− R
+ L

+ R + R/L

Posterior 
Cingulate

+ R − L + R

Table 7.1 (continued)

across meta-analyses. The functional implications of these areas will be discussed 
in more detail in Sect. 7.6 regarding regions of interest in ASD.

In addition to identifying regions of interests, the meta-analytic approaches 
described above have helped to elucidate age related differences in this condition. 
Findings span many heterogeneous regions, but similar to volumetric data, differ-
ences seem more pronounced and more numerous in the childhood/adolescent sam-
ples compared to adult samples (Duerden et al. 2012; Nickl-Jockschat et al. 2012).

Data from VBM analyses have also helped to inform the decision to condense 
previous diagnostic categories (i.e. autistic disorder, PDD-NOS, and Asperger’s 
syndrome) into a common autism spectrum disorder in the DSM-5, given the 
absence of discrete biologically based disease categories (Via et al. 2011).
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7.3  Cortical Thickness Mapping

In cortical thickness mapping, the technology from voxel based morphometry is ap-
plied specifically to the cerebral cortex, to permit more precise anatomic analysis of 
this area. Similar to whole brain VBM, in cortical thickness analysis, a computer is 
programmed to extract the cortical grey matter from underlying structures, and this 
data is transposed onto a common surface template. In this way, the cortical grey 
matter can be further quantified in terms of cortical thickness, and cortical surface 
area. These measurements are of interest in ASD, as they are thought to represent 
separate embryological processes, which may inform a more specific etiology in 
neurodevelopmental disorders (Lui et al. 2011). Cortical surface area, for example, 
is thought to reflect neural stem cell proliferation and migration into the ventricular 
zone, which occurs early in embryogenesis (Rakic 2009). Cortical thickness, how-
ever, fluctuates throughout the lifespan, and is representative of a dynamic process 
involving cell layering, axonal myelination, synaptic growth and pruning (Shaw 
et al. 2008). It is important to note that typical cortical development involves a 
process of gradually increasing thickness during early childhood, which reaches a 
maximum prior to the onset of puberty, followed by gradual thinning which extends 
into early adult life (Shaw et al. 2008). Neuroimaging findings suggestive of altered 
developmental trajectories would be consistent with the conceptual understanding 
that ASD is a neurodevelopmental disorder.

Similar to the heterogeneity in VBM data, the literature with respect to cortical 
thickness in ASD is again inconsistent, and seems to vary significantly depend-
ing on the age of the study population. Early trials in a small group of children 
(mean age of 10 years) with ASD compared to controls identified increased corti-
cal thickness, particularly in the temporal lobe, despite comparable brain volumes 
overall (Hardan et al. 2006). Follow up longitudinal MRI data by the same research 
revealed that patients with ASD had greater decreases in cortical thickness over 
time, which correlated with severity of symptomatology. The small sample size, 
however, resulted in marginal statistical significance once multiple comparisons 
were accounted for. Despite this, hypotheses regarding exaggerated cortical thin-
ning, excessive elimination of synapses or impaired arborization were put forward 
from this data (Hardan et al. 2009).

Follow up investigations looking at cortical thickness in ASD have aimed not 
only to quantify specific differences in larger sample sizes, but also to document the 
magnitude and direction of aberrant cortical growth rates, taking into account the 
important effects of age.

Looking at broad age range (10–60 years), Raznahan et al. (2010) examined 
cross sectional imaging data in males with ASD vs. controls. Contrary to earlier 
findings, individuals with ASD were found to have smaller cortical volumes and 
thickness than controls at younger ages. Additionally, the rate of cortical thinning 
with age was attenuated for affected individuals, particularly in the temporal re-
gions. Surface area did not change with time in either group (Raznahan et al. 2010) 
(see Fig. 7.2). Scheel et al. (2011) found similar results looking cross-sectionally 
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at patients with ‘high functioning’ autism between ages 20–55 (Scheel et al. 2011). 
Along these lines, Doyle-Thomas et al. (2013) found attenuated cortical thinning in 
patients with ASD across a wide age ranges as well (7–39 years) (Doyle-Thomas 
et al. 2013). Recently, Ecker et al. published a report on cortical thickness, volume 
and surface area in men with ASD ages 18–42 years. They identified many non-
overlapping areas of both increased and decreased cortical thickness and surface 
area in patients with ASD compared to controls, particularly in frontal and temporal 
regions, although age correlates were not provided (Ecker et al. 2013a).

On the other hand, analysis of cortical thickness data focusing on more nar-
row age ranges, and including a greater proportion of younger participants, seems 
to have yielded findings more consistent with those initially described by Har-
dan et al. (i.e. exaggerated thinning). Wallace et al. found that males with ASD 
ages 12–23 years, had thinner cortices overall, and then showed increased rates of 
cortical thinning during adolescence, with differences again most pronounced in 

Fig. 7.2  Warmer colours on brain maps identify areas where age-by-group interactions were sig-
nificant. Graphs show scatter plots of cortical thickness by age (10–60 years) in these specific 
regions ( dotted line: ASD). (Reproduced with permission from Cerebral Cortex. Raznahan et al. 
2010)
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the temporal regions (Wallace et al. 2010). Mak-Fan et al. (2012) looked at cross 
sectional data in children ages 6–15 years, and identified increased grey matter vol-
ume, cortical thickness and cortical surface area in younger children compared to 
controls, that then also underwent exaggerated thinning, surpassing controls on all 
measures between ages 10–12 years. Age effects were most pronounced in specific 
regions, including the medial precuneus and the left inferior frontal gyrus (Mak-Fan 
et al. 2012b).

In toddlers with ASD, cortical volume and surface area, (but not thickness) were 
found to be increased compared to controls at 2 years of age. The rate of corti-
cal growth on longitudinal imaging between ages 2–5 years did not differ between 
groups, however, generating further questions regarding the specific chronology of 
aberrant neurodevelopment (Hazlett et al. 2011).

To summarize, a few studies suggest cortical overgrowth at very young ages; at 
age 2 this is marked by increased cortical volume and surface area, but potentially 
not thickness. School age children seem to display increased cortical thickness that 
is subsequently met with cortical dysmaturation throughout childhood and adoles-
cence, suggestive mostly of exaggerated and then perhaps attenuated cortical thin-
ning, although the specific magnitude and direction of this change varies depending 
on the study. The temporal lobe in particular is an area where rate of growth is most 
altered. Upcoming large scale, prospective neuroimaging trials may help to clarify 
some of this heterogeneity.

7.4  Surface Based Morphometry

In addition to cortical thickness and cortical surface area, the specific pattern of 
gyrification in the cortex can also be quantified with mathematical indices. The 
gyrification index (GI) for example, is the ratio of the total length of the folded 
cortical surface (extending into each sulcus) divided by the outer cortical surface 
length (see Fig. 7.3). The rationale for studying these indices is supported in part 
by early literature where visible structural abnormalities were noted in the gyri of a 
small group of patients with ASD. Also, as described above with respect to cortical 
thickness and surface area, specific patterns of gyrification may also be reflective of 
altered neurodevelopmental processes, or underlying differences in brain cytoarchi-
tecture. For example, variations in neuron layers, cell density, and thalamocortical 
connections are noted on histology comparing tissue from sulci vs. gyri. Similarly, 
sulci formation in early life is hypothesized to be driven by tensile pull on areas with 
greater connectivity to distant regions [summarized in (White et al. 2003)]. Accord-
ingly, altered functional connectivity may yield measurable structural changes in 
cortical morphology.

Early in the MRI literature, Piven et al. (1990) found significant structural abnor-
malities in the cortices of several adolescent males with ASD compared to controls. 
Of 13 patients, 5 displayed noteable polymicrogyria (multiple small cortical folds), 
and 2 had macrogyria (large cortical folds), as observed by radiologists blinded to 
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diagnosis (Piven et al. 1990). Control participants, on the other hand had typically 
appearing brains. With enlargement of sample sizes, the more striking structural 
abnormalities in the brains of patients with ASD were for the most part washed 
out, necessitating a more precise mathematical approach to quantify specific dif-
ferences.

Hardan et al. (2004) for example, found preliminary evidence suggesting in-
creased gyrification in the frontal lobes of adolescent but not adult patients with 
ASD compared to controls, as measured by statistical comparison of GI. Patterns 
emerged suggesting changes in cortical folding with age in affected patients but not 
in controls (Hardan et al. 2004). In a population of patients with high functioning au-
tism, increased cortical folding was noted in the frontal lobe (Jou et al. 2010). More 
recently, high-resolution analysis on 3T scanners described increased cortical folding 
in the occipital and parietal regions of the brain in patients with ASD compared to 
controls, but that cortical surface area was comparable between the two groups. Both 
groups showed a decline in gyrification overtime (Wallace et al. 2013).

7.5  Structural Regions of Interest

Many investigators have sought to identify specific regions of interest (ROI), 
which may be structurally altered in ASD and serve as a disease biomarker. A 
variety of investigative approaches have been employed. Early trials were labor 

Fig. 7.3  The gyrification index was calculated by comparing the ratio of the inner cortical contour 
to the outer contour, on a coronal imaging slide. (Reproduced from Psychiatry Research. Hardan 
et al. 2004)
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intensive, requiring manual tracing and measurement of specific regions. Since the 
advent of VBM, broad surveys of the brain, as conducted in the studies described 
in Sect. 7.4, allowed for simultaneous comparison across dozens of regions of 
interest or thousands of specific voxels, aiming to identify areas associated with 
the greatest differences between patient and control samples. Alternatively, the a 
priori specification of a hypothesis regarding structural differences in a particu-
lar region of interest has also been used, to allow for conservation of statistical 
power. Additionally, complex statistical approaches using mathematical models 
and machine learning algorithms have recently been developed to combine the 
predictive power of both methods.

Dozens of ROI have been implicated through VBM data (summarized in 
Table 7.1), but even across meta-analyses, the locations of proposed voxel clusters 
are variable, and show increases and decreases in grey matter density and volume in 
similar regions. Meta-analytic approaches reveal some agreement regarding volume 
loss in the putamen (Duerden et al. 2012; Nickl-Jockschat et al. 2012; Yu et al. 
2011) and amygdala (Nickl-Jockschat et al. 2012; Via et al. 2011; Yu et al. 2011), 
and volume gains in the caudate (Duerden et al. 2012; Stanfield et al. 2008; Yu 
et al. 2011). Throughout the medical literature, the neuro-anatomical locations most 
often cited in relation to ASD include the cingulate cortex, limbic system, prefron-
tal cortex, temporal and parietal lobe structures, cerebellum and basal ganglia (see 
Fig. 7.4) (Cauda et al. 2011; Amaral et al. 2008). These regions will be discussed 
along with possible functional implications as they pertain to social communication 
deficits and repetitive behaviors. Regions of interest within white matter tracts will 
be discussed separately in subsequent sections.

7.5.1  Cerebellum

Some of the earliest MRI data in ASD noted structural differences in the ceberelli 
of patients with ASD, including hypoplasia of the cerebellar vermis (Courchesne 
et al. 1988). Some findings seemed to be accounted for primarily by variability 
in IQ (Piven et al. 1992). Subsequent trials, however, repeatedly observed slight 
volume reductions in several cerebellar vermi, in keeping with reduced numbers 
of Purkinje cells noted in this region on post mortem tissue analysis [see (Fatemi 
et al. 2012) for a review of cellular pathology]. Hyperplasia of the cerebellar vermi 
has also been observed in ASD, however, leading some to propose a bimodal dis-
tribution of both hypo and hyperplasia in this region (Courchesne et al. 1994). An 
overall pattern of slightly increased cerebellar volumes have been noted as well, 
which are proportionate to the overall larger cerebral volumes (Stanfield et al. 
2008). Some studies, however, have found no overall differences or alternatively 
volume reductions, with age effects perhaps playing a role (Amaral et al. 2008; 
Scott et al. 2009).

The cerebellum is classically understood to be important in sensorimotor pro-
cessing and balance; deficits in its function would be in keeping with subtle motor 



128 D. Baribeau and E. Anagnostou

impairments noted in patients with ASD (Gowen and Hamilton 2013). A growing 
consensus in the literature implicates the cerebellum’s role in emotion, memory, 
attention, language and cognitive circuits, given that it is highly connected to many 
cortical regions and networks (Strick et al. 2009). Patients with cerebellar agenesis 
for example, display not only ataxia, but cognitive and affective symptoms as well 
(Schmahmann 2004). Along these lines, several studies have correlated structural 
differences in the cerebellum of patients with ASD to language impairment (Hodge 
et al. 2010) and social function (Catani et al. 2008).

Fig. 7.4  Summary of neuro-anatomical locations implicated in ASD, and functional correlates of 
these structures. (Reproduced with permission from Trends Neurosci. Amaral et al. 2008)

 



1297 Neuroimaging in Autism Spectrum Disorders

7.5.2  Anterior Cingulate Cortex

The anterior cingulate cortex is a highly connected part of the frontal lobe, with 
functions related to autonomic regulation as well as social/ emotional processing, 
reward anticipation and error monitoring (Pfeifer and Peake 2012). On structural 
neuroimaging, increases (Doyle-Thomas et al. 2013; Jiao et al. 2010) and decreases 
(Ecker et al. 2013a; Greimel et al. 2013b; Hadjikhani et al. 2006) in volume and 
thickness of the anterior cingulate have been shown. Age effects have also been 
described in the region, (Doyle-Thomas et al. 2013; Scheel et al. 2011), which may 
account for some heterogeneity in the literature. Greater thickness in the anterior 
cingulate has been associated with poorer social outcomes in ASD (Doyle-Thomas 
et al. 2013). With functional neuroimaging, altered connectivity between the anterior 
cingulate, frontal lobe and striatal structures in ASD was associated with impaired 
response to social rewards and in impaired social communication (Delmonte et al. 
2013). Similarly, deficits in structural connectivity in the anterior cingulate have 
been hypothesized to contribute to repetitive and rigid behaviors, given dysfunction 
in the error monitoring mechanism (Thakkar et al. 2008).

7.5.3  Amygdala

There is evidence of altered growth tragectories involving the limbic system, partic-
ularly centered on the amygdala in patients with ASD. Meta-analysis across VBM 
data suggest volume loss overall (see Table 7.1), however more recent data includ-
ing younger age groups describe evidence of volume overgrowth (Bellani et al. 
2013b). The amygdala is understood to play an important role in threat monitoring, 
memory formation and emotional reaction formation, with connections extending 
to many deep structures such as the thalami, hypothalami and brain stem nuclei, 
as well as cortical structures in the prefrontal and temporal regions (Catani et al. 
2013). Interpretation of the literature with respect to the amygdala’s role in ASD is 
complicated by findings that comorbid anxiety can result in structural changes in 
this region as well (Juranek et al. 2006).

The contributions of the amygdala to social cognition and behavior continue to 
be elucidated (Bellani et al. 2013b). There is some evidence that structural changes 
in this region may influence the formation of appropriate eye contact and gaze (Bar-
nea-Goraly et al. 2014; Kliemann et al. 2012). Larger amygdala volumes correlated 
with greater social communication impairment in children with ASD across several 
studies (Munson et al. 2006; Schumann et al. 2009; Kim et al. 2010).

7.5.4  Basal Ganglia

The basal ganglia consist of a group of deep brain structures including the striatum 
(caudate nucleus and putamen), as well as the globus pallidus, substantia nigra, 
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subthalamic nucleus and the nucleus accumbens. The basal ganglia are classically 
understood to play a central role in voluntary motor control, but are also involved in 
procedural learning, reward processing and some social- emotional circuitry. Find-
ings regarding structural changes in the basal ganglia of patients with ASD must be 
interpreted in light of possible confounders including neuroleptic medication use, 
which has been shown to independently increase striatal volumes (Chakos et al. 
1994).

Increased volume and rate of growth of the caudate has been described in ASD 
(Langen et al. 2013), even after controlling for neuroleptic treatment. Volume loss 
in the putamen is shown across VBM meta-analyses in adults (see Table 7.1), but 
volume gains in this area have also been described in younger populations (Hua 
et al. 2013). From a functional perspective, enlargement of the caudate has been 
associated with repetitive behavior, rigidity and self-injury (Langen et al. 2007; Qiu 
et al. 2010; Wolff et al. 2013; Hollander et al. 2005; Langen et al. 2013). Changes 
in the shape of this structure have also been correlated with social communication 
deficits (Qiu et al. 2010).

The nucleus accumbens is another structure sometimes considered part of the 
basal ganglia system. It is important for perception and experience of reward (Kohls 
et al. 2013). Impaired connectivity/ activation of the nucleus accumbens in fronto-
striatal circuitry may explain impaired processing of social rewards and punishment 
in patients with ASD (Delmonte et al. 2013; Delmonte et al. 2012).

7.5.5  Frontal, Temporal and Parietal Regions

The prefrontal cortex lies in the most anterior part of the brain; it is involved in 
cognition, attention, language as well as social and executive function. Sections 
within the prefrontal cortex are described anatomically, including the dorsolateral, 
ventromedial, frontopolar and orbitofrontal regions, for example. The prefrontal 
cortex is connected to temporal and parietal regions through long-range association 
fibers, together making up what has been described in the ASD literature as the 
“social brain network.” Reduced volume and decreased activation in frontal and 
temporal regions (e.g. inferior frontal gyrus and middle temporal gyrus) have been 
associated with social communication impairment (Yamasaki et al. 2010), and im-
paired processing of facial expressions (Bastiaansen et al. 2011) in patients with au-
tism, respectively. Age effects may play a role in interpreting finding in this region, 
however. In children with autism, for example, a significantly greater number of 
neurons have been observed in the prefrontal region on post mortem tissue analysis, 
in keeping with overall greater brain volume and weight in younger patients with 
ASD (Courchesne et al. 2011b).

The temporal lobe is important for language development and comprehension. 
It also houses the fusiform face area along its medial side, which has been well 
described to be an important structure involved in processing facial cues. Young 
children subsequently diagnosed with ASD show early deficits in activity in the 
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temporal lobe in response to language cues (Eyler et al. 2012). Increased volume 
in the fusiform gyrus correlated with impaired face processing in adults with ASD 
(Dziobek et al. 2010). The fusiform gyrus (as well as several other frontal and tem-
poral structures) also showed weaker activity on fMRI in patients with ASD while 
looking at dynamic and static faces (Sato et al. 2012). Lastly, hypoactivation of the 
fusiform gyrus in ASD correlated with decreased gaze fixation on the eyes in pic-
tures of faces (Dalton et al. 2005).

Hypotheses in ASD regarding deficits in ‘theory of mind’ and ‘mirror neuron 
systems’ also tend to be associated with frontal, temporal and parietal structures. 
Theory of mind, for example, is a developmental milestone whereby a child learns 
to distinguish his/her own thoughts and perceptions from those of others. Theory of 
mind has been demonstrated to be delayed or impaired in children with ASD, and is 
hypothesized to involve structures in the prefrontal cortex and the temporo-parietal 
junction (Kana et al. 2014). Similarly, the ‘mirror neuron system’ represents a group 
of neurons that activate not only when a participant performs an action, but also 
when that action is observed being performed by another. The mirror neuron system 
is thought to play an important role in learning, language development and theory 
of mind, and perhaps empathy, and therefore has been implicated in ASD, as well 
as in other neuropsychiatric conditions. The inferior frontal gyrus and the superior 
parietal lobule are structures most associated with the mirror neuron system (Ham-
ilton 2013). Reduced activity or structural thinning in these regions have correlated 
with social communication deficits in ASD as well (Enticott et al. 2012; Hadjikhani 
et al. 2006).

7.6  White Matter: Volumetric Analysis and Diffusion 
Tensor Imaging

Earlier studies looking at white matter volume in ASD described a pattern of white 
matter overgrowth in young children but not adolescents compared to typically de-
veloping peers (Courchesne et al. 2004). Subsequent meta-analysis across VBM 
studies looking at white matter specifically described no difference overall in white 
matter volume, and no difference between child/adolescent and adult age groups, 
however data did not include very young children (< 6 years). Some regional dif-
ferences were noted, with increased white matter volume in the right arcuate fas-
ciculus, the left uncinate and inferior fronto-occipital fasciculus, as well as volume 
losses in the cingulum and corpus callosum (Radua et al. 2011).

Beyond volumetric analysis, diffusion tensor imaging (DTI) is an approach per-
mitting a more detailed analysis of the white matter microstructure of patients with 
neurodevelopmental disorders such as ASD. DTI uses MRI technology combined 
with vector algebra, to describe the magnitude and direction of diffusion of wa-
ter molecules within each individual voxel in the brain. Differences in diffusivity 
patterns are represented by several specific parameters, and are thought to reflect 
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subcellular structural changes. It is important to understand these measurements in 
order to interpret the DTI literature in ASD.

Axial diffusivity (AD), for example, quantifies diffusion of water molecules oc-
curring parallel to white matter fibers. Increased AD has been found in diseases 
involving axonal degeneration; in autism, AD is thought to reflect both the integ-
rity and density of axons. Radial diffusivity (RD) is a measurement of diffusion 
traveling perpendicular to the white matter fibers. RD is increased in demyelinat-
ing diseases, and serves as a surrogate measure of white matter myelination across 
neurodevelopment. Mean diffusivity (MD) (also known as the apparent diffusion 
coefficient, ADC) summarizes the total average diffusion occurring in a region, in 
the absence of any directional gradient (Alexander et al. 2007; see Fig. 7.5).

A summary vector, termed “fractional anisotropy” (FA), describes the overall 
spherical shape of the other vectors combined. For example, an area where water 
molecules move freely in all directions would be described as “isotropic.” An iso-
tropic solution would yield in a three-dimensional diffusion vector that appears per-
fectly spherical, represented by an FA value close to zero. On the other hand, areas 
where diffusion is restricted in certain directions (e.g. in a white matter tract) are 
considered “anisotropic.” The resulting three-dimensional vector would be more 
ellipsoid shaped, represented by an FA value closer to 1.

In neuroimaging of white matter tracts, higher FA is thought to be a sensitive but 
not specific marker of white matter integrity, including axonal myelination, fiber 

Fig. 7.5  Top panels show diffusion vectors. MD = ( λ1 + λ2 + λ3)/3, RD = λ2 + λ3)/2, AD = λ1, and 
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Bottom panel shows sample MRI images select-

ing for specific diffusion measurements. (Reproduced with permission from Autism Research. 
Travers et al. 2012)
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diameter, and the integrity of cell membranes (Kubicki et al. 2007). In typically 
developing individuals, FA increases and MD decreases with age, as white matter 
gradually matures (Faria et al. 2010). The specific pathological correlates of DTI 
in ASD remain to be fully elucidated, however. From mouse models, induction of 
demyelination resulted in decreased FA and increased RD, while reduced axonal 
caliber correlated with lower AD values (Harsan et al. 2006). In mouse models of 
autism, impaired sociability of the BALB/CJ was associated with lower FA and 
higher MD on DTI. On pathology, the BALB/CJ mouse had more scattered, less 
densely packed and more poorly myelinated white matter fibers. The authors attrib-
uted higher MD values to the reduced axonal density in affected mice, while more 
poorly myelinated white matter fibers were thought to result in lower FA values 
(Kumar et al. 2012).

Dozens of articles have been published looking at DTI in patients with ASD com-
pared to controls across age groups. Across the whole brain, most studies observe 
reduced FA and decreased MD [reviewed by (Travers et al. 2012)]. A recent system-
atic review and meta-analysis combines data from 14 DTI studies using regions of 
interest methods (with mean ages of participants between 3 and 32 years). Their re-
sults highlight some consistency in findings and are compared to volumetric data in 
Table 7.2. Fractional anisotropy seems to be lower in corpus callosum, left uncinate 
fasciculus and left superior longitudinal fasciculus in affected patients vs. controls, 
suggestive of reduced white matter integrity and possibly reduced myelination in 
these regions. Fewer studies have published data on MD, but significant increases 
emerge in the corpus callosum and the superior longitudinal fasciculi as well, which 
may suggest reduced axonal density of the fibers in these tracts (Aoki et al. 2013).

Meta-analysis 
on white matter 
volume

Meta-analysis 
on DTI

Study (Radua et al. 
2011)

(Aoki et al. 
2013)

Mean age of patient group 21.4 15.2
Whole brain white matter ND –
Corpus Callosum ↓ ↓ FA

↑ MD
Superior Longitudinal 
Fasciculus

– ↓ FA (L)
↑ MD

Arcuate Fasciculus ↑ –
Inferior Longitudinal 
Fasciulus

– ND FA

Inferior Fronto-occipital 
Fasciculus

↑ ND FA

Cingulum ↓ ND FA
Uncinate Fasciulus ↑ ↓ FA (L)

ND MD

Table 7.2  Comparison of 
meta-analyses of white matter 
volume and diffusion tensor 
imaging findings by regions 
in ASD
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These findings may have functional implications related to the core features of 
ASD. The superior longitudinal fasciculus, for example, is a large white matter 
bundle coursing in a ‘front to back’ direction across the brain, relaying information 
between the frontal, temporal, parietal and occipital lobes. It is divided into several 
segments, which help to coordinate and relay information needed for movement, 
spatial navigation, occulomotor function, and importantly, language. Increased MD 
in the superior longitudinal fasciculus correlated with severity of language impair-
ment in affected children and adolescents (Nagae et al. 2012), and lower FA scores 
in this region correlated with greater communication impairment on the ADOS and 
ADI-R (Poustka et al. 2012).

The uncinate fasciculus is an association fiber, which connects structures in the 
prefrontal cortex (specifically the orbital frontal cortex) with anterior temporal lobe 
structures as well as the amygdala. These regions are thought to be important for 
emotional regulation and processing, decision-making, and reward valuation and 
anticipation. In a study of behavioral interventions, increased adherence to therapy 
and improved clinical outcomes correlated with higher FA values in the uncinate 
fasciculus (Pardini et al. 2012). In infants, higher FA in the uncinate fasciculus at 6 
months of age was predictive of greater social communication at 9 months of age 
(Elison et al. 2013).

The corpus callosum is the largest white matter structure in the brain, connecting 
the left and right cerebral hemispheres. It is involved in many cerebral functions 
including integration of sensory and motor information, as well as many higher 
cognitive tasks such as problem solving, executive function, planning, language, 
and social cognition and communication (Bellani et al. 2013a). Congenital absence 
of a corpus callosum (called ‘agenesis of the corpus callosum’) is a condition often 
associated with developmental delay and motor impairment, although at times can 
be asymptomatic as well. A screening survey on children with agenesis of the cor-
pus callosum found that 45 % were over the cut-off for autism spectrum disorder 
(Lau et al. 2013).

In addition to macroscopic and microscopic structural differences in white tracts, 
there is also evidence of dynamic white matter changes, with findings varying by 
regions and by age group. For example, Mak-Fan et al. (2012) observed that RD 
and MD measurements stayed stable between the ages 6–14 years in subjects with 
ASD, while control subjects showed gradual reductions in these measures as ex-
pected with age (Mak-Fan et al. 2012a). Similarly, Ameis et al. (2011) found several 
DTI measurements in individuals with ASD (including RD, AD and MD, but not 
FA), which deviated significantly from typically developing peers during childhood 
years but less so in adolescence (Ameis et al. 2011).

Overall, evidence from volumetric and DTI studies describe a pattern of altered 
white matter maturation, with findings perhaps more pronounced in younger sub-
jects. Certain white matter tracts implicated in ASD seem to correlate with social, 
cognitive and language function, which are impaired in affected individuals. De-
spite these positive findings, individual studies report differences in neuroimag-
ing biomarkers that are relatively small, (e.g. 1–2 % range), and only in select re-
gions. While results are statistically significant, it remains unclear to what extent 
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this information is clinically relevant. An approach that has been similarly applied 
across other neuroimaging modalities involves using computer algorithms to com-
bine the predictive capacity of findings across multiple white matter regions, in 
hopes of generating a clinical test. Using a discriminant function on DTI data, one 
group was able to correctly classify patients vs. controls with greater than 90 % sen-
sitivity and specificity, and these results were reproduced using a separate patient 
sample (Lange et al. 2010). Large-scale neuroimaging studies will be required to 
validate these methods in populations with realistic prevalence rates, so that the true 
predictive capacity (i.e. positive predictive value) can be ascertained.

7.7  Structural Connectivity Analysis

In the previous section, altered structural connectivity is suspected given volumetric 
as well as microscopic differences in the white matter fibers that connect disparate 
brain regions. There are several other approaches that have been employed to study 
structural connectivity in ASD outside of white matter tract analysis as well.

One approach employed by Ecker et al. (2013b) has been to study cortico-cor-
tical connectivity specifically. They hypothesized that the smaller neural networks 
within grey matter structures may be altered in autism as well. They applied a tech-
nique whereby the geometric formation of the cortical surface was mapped to iden-
tify and measure the shortest paths between two points, called ‘mean separation 
distances’ which serve as an estimate of the overall “wiring cost” of the brain (i.e. 
shorter separation leading to more efficient wiring). They found that patients with 
ASD had shorter lengths of connections between surface points. They suggest that 
their findings may reflect increased local connectedness at the expense of global 
connectedness in ASD (Ecker et al. 2013b).

An alternative approach has been to investigate specific brain networks involved 
in social communication impairment or repetitive interests and behaviors, to deter-
mine to what degree related structures co-vary in size. An assumption is made that 
the interconnecting brain systems have developed along similar timelines and in 
response to similar pressures, such that a change in one aspect of the system would 
be reflected throughout other areas. For example Dziobek et al. (2010) investigated 
structural changes in the lateral fusiform gyrus and in the amygdala, two regions 
that are known to be highly connected to each other and involved in assessing so-
cially relevant information from facial cues. They looked at the degree to which 
volumetric changes in one structure co-varied with changes in the other. Interest-
ingly, participants with ASD had negative covariance between both systems (i.e. 
patients with smaller amygdalas had increased cortical thickness in the fusiform 
gyrus), which correlated with greater problems in face processing. Controls on the 
other hand, had positive co-variance between these two structures, highlighting the 
impaired structural connectivity in this network in affected individuals. Similarly, 
Bernhardt et al. (2013) identified reduced co-variance suggestive of impaired struc-
tural connectivity in a network involved in theory of mind function, consisting of 
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the dorsal medial prefrontal cortex and the temporal parietal junction (Bernhardt 
et al. 2013). Looking across the whole brain, McAlonan et al. (2005) showed sig-
nificantly fewer positive structural correlations in patients with ASD compared to 
controls, both in cortico-cortical networks and in cortical-subcortical networks (in-
cluding limbic and striatal systems) (McAlonan et al. 2005).

In some studies looking at structural (and functional) connectivity across the 
whole brain, discrete mathematical approaches such as graph theory have been ap-
plied. In graph theory, certain highly connected areas are defined as ‘nodes’ and 
the connections to other areas are defined as ‘edges’ reflected in a network of dots 
and lines. Equations can thus model the degree of connectivity between local and 
distant regions, in absence of a priori defined hypotheses or specification of a region 
of interest (see Fig. 7.6). Using this technique, Shi et al. (2013) looked at structural 
connectivity in patients with ASD using correlations between defined regions in 
terms of cortical thickness. They observed decreased modularity overall (i.e. fewer 
clusters of interconnected nodes) in patients with ASD. As well, increased short-
range connectivity was noted within the frontal lobe, while long-range connectivity 

Fig. 7.6  Example of brain connectivity mapped using graph theory. The dots are considered 
‘nodes’ of connectivity, while the lines are called ‘edges’ and representing connections between 
nodes. (Reproduced with permission from Trends in Cognitive Sciences. Bassett and Gazzaniga 
2011)
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between frontal, temporal, limbic and parietal lobes was decreased (Shi et al. 2013). 
Graph theory and similar techniques are also discussed in Sect. 7.9 with respect to 
functional neuroimaging.

7.8  Magnetic Resonance Spectroscopy

Magnetic resonance spectroscopy (MRS) uses MRI technology to measure specific 
concentrations of brain metabolites. In a standard MRI, the electromagnetic emis-
sions from protons permit quantification of the density of water molecules within a 
given region. In MRS, a water-suppressing signal is sent into the tissue to facilitate 
a more detailed analysis of other molecules containing hydrogen molecules, which 
have their own unique MRS signals normally masked by water signals. Examples 
of metabolites include creatine (a marker of energy metabolism), N-acetyl aspartate 
(NAA) (a marker of neuron integrity), choline (which is elevated in demyelination, 
but also marks membrane turnover), glutamate/ glutamine (which are neurotrans-
mitters involved in excitatory neurotransmission) and myo-inisitol (a marker of my-
elin breakdown) (see Fig. 7.7 for a sample MRS reading).

A survey of the research results looking at MRS in ASD reveals many contradic-
tory findings, as have been noted with other approaches. A review of the literature 
by Baruth et al. summarizes some areas of agreement (Baruth et al. 2013). Of note, 
most studies included in this review were conducted using 1.5 T MRI scanners, 
which may have inadequate resolution to sufficiently quantify metabolites. Studies 
employing more powerful 3T and 4T MRI scanners are just beginning to emerge in 
the ASD literature (Rojas et al. 2013; Joshi et al. 2013).

The most commonly studied metabolite in ASD is NAA. NAA gives off the 
largest signal of all the MRS metabolites. It is thought to be a marker of neuron in-
tegrity, is found within neuron cell bodies, axons and dendrites. Rising levels may 
also correlate with myelin synthesis, in line with increasing NAA levels through-
out early childhood. Lower NAA levels are noted in conditions associated with 
neuron loss, including Alzheimer’s dementia and stroke. Widespread loss of NAA 
has been reported both diffusely, and in many heterogeneous regions in autism 
(Baruth et al. 2013). A recent systematic review and meta-analysis by Ipser et al. 
(2012) of 20 MRS studies in ASD identified decreased concentrations of NAA 
most significantly in the cerebellum, parietal lobes, and anterior cingulate. Age ef-
fects were noted as well, with children showing more global losses in NAA (Ipser 
et al. 2012).

Creatine (Cr) is considered to be a marker of energy metabolism and storage, and 
may reflect the density of microglia. It has also been observed to increase through-
out early childhood. Some studies report widespread reduction of Cr in ASD, while 
others note no change or else find reductions in specific regions only (ie. tempo-
ral lobes, prefrontal lobes). Some reports also observe increased Cr in deep struc-
tures like the caudate or amygdala (reviewed by (Baruth et al. 2013)). In the meta-
analysis by Ipser et al. (2012), age effects were again noted with lower creatine 
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concentrations in the occipital lobes in children, but higher levels in the temporal 
lobes in adults (Ipser et al. 2012).

In Fig. 7.7, Glx represents a combined peak measuring glutamate, glutamine 
(both involved in excitatory neurotransmission) and gamma-aminobutryirc-acid 
(GABA) (the major inhibitory neurotransmitter). With high-resolution magnetic 
fields (3–7T), these three metabolites can be separated out from the Glx peak. 
Study of these neurotransmitters is of particular relevance in ASD, as an imbal-
ance in excitatory/ inhibitory neurotransmission is thought to contribute to altered 
neurodevelopment, and is in line with genetic findings of mutations in structural 
proteins at the excitatory synapse (e.g. SHANK-2 and neurexin) in affected in-
dividuals. Most studies have investigated Glx, without reliably parcellating this 
metabolite into its subcomponents, however. Some suggest widespread decreases 
in Glx, both in children and adults, as well in specific sub regions such as the 
anterior cigulate [reviewed by (Baruth et al. 2013)]. Horder et al. (2013) noted 
decreased Glx in the basal ganglia of patients with ASD, and lower levels of Glx 

Fig. 7.7  Examples of signal peaks in proton MRS indicating concentrations of brain metabolites 
within a specific region. Cho choline; Cr creatine, Glx glutamate + glutamine + gamma-aminobu-
tyric acid, mI myo-inositol, NAA N-acetylaspartate. (Baruth et al. 2013. Reproduced with permis-
sion from Autism Research)
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correlated with greater social communication impairment (Horder et al. 2013). 
On the other hand, using 3T MRS, increased GLX concentrations were noted 
in the auditory cortices of affected individuals (Brown et al. 2013). Using 4T 
MRS, higher glutamate levels were observed in the anterior cingulate of adoles-
cent males (Joshi et al. 2013). Also using 3T MRS, a lower ratio of GABA to Cr 
was observed in the motor and auditory cortices of patients with ASD compared 
to controls (Gaetz et al. 2014; Rojas et al. 2013).

Other metabolites such as choline (related to membrane synthesis) and myo-
inositol (involved in cell signaling, growth and maintenance of osmotic balance) 
have shown widespread and also regional decreases in some studies, as well as no 
difference or increases in others, with noteable age effects [reviewed by (Baruth 
et al. 2013)].

Given the possible contribution of age to MRS findings, Corrigan et al. (2013) 
recently published a longitudinal analysis using MRS in children with ASD, com-
pared to typically developing controls and individuals with developmental delay, 
between 3 and 10 years of age. Interestingly, grey matter concentrations of NAA 
were found to be significantly lower than typically developing children at 3 years 
of age, but then increased to a level comparable to typically developing individu-
als by 10 years of age, while patients with developmental delay remain unchanged 
in NAA concentration. Several other metabolites were found to be lower in pa-
tients with ASD, with differences becoming less pronounced over time (Corrigan 
et al. 2013).

In summary, emerging research using MRS can provide additional information 
regarding the biochemical aspects of neurodevelopment in patients with ASD, and 
may potentially serve as a future biomarker of this condition. Further studies are 
needed to explore the important effects of age in adolescents and adults, correla-
tions to histological findings, and potential use as a clinical biomarker.

7.9  Functional Magnetic Resonance Imaging

Functional neuroimaging in ASD has expanded our understanding of aberrant con-
nectivity in brain networks by studying brain activation patterns. In functional MRI 
studies (fMRI), subtle differences in the magnetic field strength of oxygenated 
and deoxygenated blood (called the blood oxygen level dependent (BOLD) effect) 
serves as a surrogate marker of brain activity in response to a specific task, or in a 
brain at rest.

fMRI research across neuropsychiatric conditions have identified several resting 
brain activation networks [reviewed by (Heine et al. 2012; Lee et al. 2013)]. The 
default mode network (DMN) is the most extensively studied, and involves regions 
such as the anterior and posterior cingulate, and the temporo- parietal junction. This 
network is underactive during stimulus driven tasks, but becomes the most promi-
nent form of brain activity when someone lies awake with eyes closed, during mind 
wandering and introspection.
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Independent component analysis (ICA) or similar techniques look at over-
all activation patterns across the entire brain, and can provide data regarding the 
above-described networks. Alternatively, connections to and from an a priori de-
fined region can also be studied in terms of functional connectivity, via the ‘seed-
technique’. As mentioned in the section on structural connectivity, discrete math-
ematics can be used to model the resulting activation networks in terms of ‘nodes’ 
(areas of increased connectivity represented by dots) and ‘edges’ (connections be-
tween nodes represented by lines) using graph theory (see Fig. 7.6; Dennis and 
Thompson 2013).

There is an abundance of literature looking at fMRI in patients with ASD. Some 
report a pattern of under connectivity in long-range circuits (Just et al. 2012), 
combined with increased local connectivity in short-range circuits, (Courchesne 
and Pierce 2005), similar to findings from structural neuroimaging data [i.e. (Shi 
et al. 2013)]. A closer look at the literature reveals a more complex picture, how-
ever.

Looking at task-based fMRI assessments, reduced synchronization across large 
scale networks has been shown during language comprehension and in response to 
auditory stimuli (Just et al. 2004; Williams et al. 2013; Dinstein et al. 2011), in stud-
ies of executive functioning (Just et al. 2007), visual spatial processing (Damarla 
et al. 2010), and in response to emotional cues (Abrams et al. 2013; Rudie et al. 
2012). Increased functional connectivity during task-based assessments has also 
been shown, however (Shih et al. 2011; Shen et al. 2012; Redcay and Courchesne 
2008). Some have proposed that increased functional connectivity in children with 
ASD is then met with aberrant development of cortical and subcortical networks, 
such that adults with ASD have reduced large-scale connectivity compared to con-
trols (Uddin et al. 2013b).

Looking at resting state fMRI, there are contradictory findings in this litera-
ture as well. Some have suggested that methodological issues may be contributing 
(Muller et al. 2011). While under connectivity of large-scale networks is the most 
common finding [(Weng et al. 2010; Kennedy and Courchesne 2008) reviewed by 
(Uddin et al. 2013b)], studies in younger children also observe signs of increased 
connectivity in many resting state networks (Uddin et al. 2013a; Keehn et al. 2013; 
Redcay and Courchesne 2008). Through a seed-based approach, hyper connectivity 
in the posterior cingulate and retrosplenial cortex correlated with more severe social 
impairments in affected children (Lynch et al. 2013).

Recently a collaborative effort called the ‘autism brain imaging data exchange’ 
(ABIDE), has combined neuroimaging datasets across institutions to drastically 
increase the sample size in a joined fMRI connectivity analysis. They describe a 
predominance of lower intrinsic connectivity in cortico-cortical networks, partic-
ularly involving the default mode network, the paralimbic regions, the temporal 
lobe region and regarding connectivity between hemispheres. On the other hand 
hyper connectivity in sub cortical networks was also noted, specifically between 
the thalamus, globus pallidus and parietal sensorimotor regions (Di Martino et al. 
2014).
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7.10  Positron Emission Tomography

Positron emission tomography uses radioactive tracers that emit gamma rays, which 
are tied to biologically active molecules, in order to study the volumetric distribu-
tion of certain structural or metabolic processes in the body. Common examples of 
radionuclide tracers include fluorine-18, carbon-11, nitrongen-13 and oxygen-15, 
which all have different half lives. These isotopes are then tied to biologically ac-
tive molecules (i.e. water, glucose, or to designer molecules targeting certain neu-
rotransmitter receptors) to yield specific radiotracers. A commonly used radiotracer 
is fluorodeoxyglucose (FDG), which is a radioactive fluoride isotope combined 
with a molecule of glucose. FDG highlights glucose metabolism in an area, which is 
thought to be reflective of the level of neural activity. Along these lines, the amount 
of blood flow to a region can be quantified using water labeled with oxygen-25. In 
neuroimaging studies, tracers have also been developed to target dopamine recep-
tors, GABA receptors, serotonin transporters and receptors, glutamate receptors, 
amyloid plaques, opioid receptors, and acetocholinesterase. In PET, the concentra-
tion and location of these selected tracers is measured using computed tomogra-
phy (CT) scans. Images can provide both structural and functional information, 
depending on whether they were taken in a subject at rest, or following a particular 
stimulus or task, depending on the tracer used and the goals of the study. A high-
resolution form of imaging known as single photon-emission tomography (SPECT) 
can also yield additional detail regarding tracer distribution in three dimensions. At 
times PET or SPECT images can be combined with MRI, to further highlight more 
precise anatomical locations. Both PET and SPECT require significant exposure to 
ionizing radiation, both from imaging technologies and from radiotracers. There-
fore, research applying these approaches in young children or healthy volunteers 
must be carefully considered.

Very early literature applying PET using FDG in individuals with ASD identified 
a pattern of increased glucose metabolism across the brain (Heh et al. 1989; Rum-
sey et al. 1985), as well as more extreme fluctuations in metabolic rates between 
brain regions (Rumsey et al. 1985). Some evidence of metabolic under activity 
was noted in specific regions as well, including the anterior cingulate (Haznedar 
et al. 1997, 2000), caudate, putamen and thalamus (Haznedar et al. 2006). Hypo-
perfusion was observed in the temporal lobes of children with ASD (Zilbovicius 
et al. 2000; Dilber et al. 2013), while hyper-perfusion was localized to temporal, 
cerebellar and visual cortices, as well as several deep structures in adult populations 
with ASD (Pagani et al. 2012).

Regarding neuroreceptor distributions, lower levels of serotonin transporters 
have been observed in patients with ASD, both diffusely via PET imaging (Naka-
mura et al. 2010) and in the medial frontal cortex via SPECT imaging (Makkonen 
et al. 2008). Lower serotonin synthesis capacity and altered rate of development of 
serotonin synthesis capacity has been shown in children ages 2–14 years (repre-
sented by synaptic uptake of a radiotracer mimicking tryptophan) (Chandana et al. 
2005). Lower serotonin transporter levels in the cingulate cortex correlated with 
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greater deficits in social cognition (Nakamura et al. 2010). Lower expression of 
5-HT2 receptors in the cortex has also been noted in parents of affected individuals 
(Goldberg et al. 2009). Not all studies have observed differences in serotonin re-
ceptor or transporter concentrations, however. Girgis et al. (2011) found no signifi-
cant difference in 5HT2 receptor or serotonin transporter concentrations between 
patients with Asperger’s syndrome and typically developing controls (Girgis et al. 
2011).

Deficits in cholinergic innervation in the fusiform gyrus were extrapolated from 
findings of lower acetocholinesterase activity in this region, and seemed to relate to 
social functioning as well (Suzuki et al. 2011). In three patients with ASD compared 
to three controls, GABAA receptor levels were lower across the brain, and in the 
amygdala and nucleus accumbens (Mendez et al. 2013).

Recently, a novel tracer targeted to microglia was applied in a PET study of adult 
males with ASD. Study of microglia is of interest to immune theories of autism, as 
increased number of microglia correlates with increased brain inflammation. The 
authors found overall increased binding of the microglia tracer across multiple brain 
regions including the cerebellum, midbrain, pons, fusiform gyri, the anterior cin-
gulate and orbitofrontal cortex, and most markedly in the cerebellum (Suzuki et al. 
2013).

Fragile X syndrome (FXS) is a genetic condition associated with ASD in one-
third to one-quarter of cases (Kaufmann et al. 2004; Bailey et al. 2008). Results 
from investigations in populations with FXS have broad implications for idiopathic 
ASD. The metabotropic glutamate receptor theory (mGluR) of FXS proposes that 
deficits in the fragile X mental retardation protein (FMRP) has downstream effects 
in the form of exaggerated mGluR5 expression and activity at the synapse (Bear 
et al. 2004). Post mortem in-vitro analysis using radio-labeled tracers for mGluR5 
applied to brain tissue from deceased patients with FXS identified increased expres-
sion of mGluR5 protein in the prefrontal cortex (Lohith et al. 2013). The authors 
suggest that future in vivo investigations using PET to quantify mGluR5 expres-
sion in patients with FXS and ASD may yield important information in terms of 
etiopathogenesis of these conditions, and may serve as a biomarker of treatment 
response, given the development of new compounds targeting this receptor (Lohith 
et al. 2013).

7.11  Summary, Interpretation and Recommendations

In summary, there is significant heterogeneity in findings from neuroimaging re-
search in ASD. Looking at volumetric MRI data, a pattern emerges whereby early 
brain overgrowth in the first few years of life is subsequently met with signs of brain 
dysmaturation throughout childhood and adolescence. Along these lines, there is 
evidence of increased gyrification of the cerebral cortex, as well as early cortical 
overgrowth, followed by either exaggerated or attenuated cortical thinning, depend-
ing on the study and the age of included participants.
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Investigations into structural connectivity reveal decreased white matter integ-
rity in socio-emotional and language circuits. Signs of decreased long range-con-
nectivity but increased short-range connectivity in cortical and subcortical networks 
emerges from both structural and functional neuroimaging data.

Certain regions of interest stand out across meta-analyses and reveal phenotypic 
correlates; the basal ganglia for example has been implicated in repetitive behav-
iors, while the amygdala, anterior cingulate, prefrontal and temporo-parietal regions 
seem to play a role in social communication and language impairment.

The magnitude and direction of altered neurodevelopment across modalities is 
an ongoing focus of investigation, but the importance of age as a confounding fac-
tor is a recurring theme. Analysis of aberrant ‘brain growth curves’ in this condition 
may contribute to hypothesis generation regarding specific pathology occurring at 
the synapse. For example, an imbalance between excitatory and inhibitory signaling 
leading to abnormal signal-to-noise ratios is a well-described hypothesis in ASD 
(Rubenstein and Merzenich 2003). Along these lines, neuroimaging data showing 
exaggerated cortical expansion, followed by early growth arrest and stabilization 
of cortical networks, would be in keeping with loss of inhibitory control during 
synaptic growth and development. Based on this pattern, some have suggested that 
brain growth trajectories in ASD appear to be ‘shifted to the left’ along the time axis 
(Courchesne 2004; Greimel et al. 2013a). Moving forward, expansion and longitu-
dinal analysis of structural and functional neuroimaging data sets will help to clarify 
these important age effects.

Despite these positive findings, most studies report mean differences between 
cases and control groups in the range of 1–2 %. These pooled group differences 
have yet to yield clinically useful information when applied at an individual level, 
however. The search for a sensitive and specific biomarker of ASD is a common 
goal. An ideal candidate biomarker would need to show high diagnostic accuracy 
in a large sample population where ASD is present at a realistic prevalence rate 
(i.e. 1 in 88), to permit calculation of positive predictive values. Additionally, this 
test would need to be able to distinguish ASD from other neuropsychiatric disor-
ders. Currently, there are no individual neuroimaging metrics that satisfy the above-
described criteria. Extra-axial fluid volume has shown some promise in one study 
(Shen et al. 2013).

Alternatively, several investigators have sought to optimize the potential pre-
dictive power of neuroimaging datasets through machine learning algorithms. In 
this technique, a computer is programmed to generate a discriminant function that 
identifies and consecutively combines the ‘most different’ neuroanatomical mea-
surements across scans, to thereby stratify an image into a diagnostic category [for 
examples see (Lange et al. 2010) using DTI data; (Jiao et al. 2010) using cortical 
thickness data, and (Ecker et al. 2010) using multiple parameters]. With machine 
learning algorithms, several investigators have been able to correctly classify in-
dividuals with ASD vs. controls with greater than 80 % specificity and sensitivity, 
and some have been able to replicate comparable predictive capacity to discern 
ASD from other neuropsychiatric conditions [e.g. ADHD in (Ecker et al. 2010)]. 
Again, these findings need to be replicated in large-population samples to ascertain 
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their positive predictive value and clinical utility. Computerized neuroimaging al-
gorithms remain for most part a preclinical investigative tool- translation into the 
clinical setting will require a paradigm shift in diagnostic radiology. There is hope, 
however, that neuroimaging research may someday yield clinical diagnostics in 
ASD, given increased efforts towards collaboration across institutions [e.g. ABIDE 
(Di Martino et al. 2014)], a growing number of prospective and longitudinal neuro-
imaging trials, as well as the advent of more advanced neuroimaging technology.
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Abstract Most researchers agree that autism spectrum disorders (ASD) comprise 
a group of developmental conditions whose pathological substratum resides in 
the brain. Despite the significance of neuropathological research in ASD, rela-
tively few studies have been performed on the subject. The limited number of 
studies may be accounted, in part, by the scarcity of available tissues in different 
brain banks. Furthermore, variability within each patient population in regards 
to pre-agonal/agonal conditions, medications, comorbidity (e.g., seizures), and 
postmortem interval may all account for dissimilar findings among the limited 
number of reported studies. Only recently has a clear picture begun to emerge as 
to the neuropathological underpinnings of ASD. The presence of heterotopias, 
laminar effacement, and minicolumnopathy suggest that heterochronic divisions 
of periventricular germinal cells may provide for the asynchronous development 
of pyramidal cells and interneurons within the cerebral cortex. A similar defect 
within the rhombic lip may help explain brainstem and cerebellar malformations. 
Autism spectrum disorders are multifactorial conditions wherein a genetic pro-
clivity and environmental stressors act at particular times during brain develop-
ment to provide an autistic phenotype.

Keywords Neuropathology · Brain · Cerebral cortex · Minicolumns · Cortical mod-
ularity · Cerebellum · Brainstem · Axons · Brain weight

Neuropathology is the field of science that studies diseases of the nervous system 
by examining either surgical biopsies or autopsied brain tissue. The field itself is an 
amalgam of knowledge derived from neurology, neurosurgery, and neuroanatomy. 
The history of neuropathology can be divided into different eras each reflecting the 
major afflictions of society during those periods of time. In this regard, epilepsy 
and dementia have always garnered a large share of the attention. By comparison, 
the history of neuropathological investigations in autism has been characterized 
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by a dearth of interest explainable by the scarcity of available materials to perform 
large case series, lack of appropriate diagnostic criteria, and confusion with related 
comorbidities. Indeed, many of the earliest reported cases lay buried in the literature 
of mental retardation and epilepsy. More recently, the rising prevalence rates of 
autism and the attendant societal, educational, and financial problems have lead to a 
burgeoning interest in regards to the condition. In addition, efforts by layman orga-
nizations in collecting autopsied brain tissues of autistic individuals have facilitated 
neuropathological research endeavors.

One of the leading organizations promoting neuropathological research into 
pervasive developmental disorders of children is the Autism Research Program 
(ATP). The Autism Tissue Program was established as an initiative of the National 
Alliance for Autism Research (now Autism Speaks), in 1998. Within the available 
series a limited number of cases have been examined with postmortem MRI using 
a protocol that optimizes imaging parameters for postmortem tissue (Schumann 
et al. 2001). The ATP also holds a limited number of cases with related disorders 
including tuberous sclerosis and chromosome 15q duplication. More information 
on the ATP and availability of tissue can be found on the web portal of the or-
ganization (http://www.atpportal.org), the National Database for Autism Research 
(NDAR, http://www.ndar.org) and in different publications (Pickett and London 
2005; Briacombe et al. 2007).

8.1  Early History

The most comprehensive early review on the neuropathology of autism was un-
dertaken by John Darby (1976). In addition to performing an extensive literature 
review, Darby made inquiries to a large number of academicians and was thus 
able to identify 33 cases with a diagnosis of autism that had some type of post-
mortem examination. Twenty nine of those cases had been previously reported in 
the literature. The significance of this series is limited due to many salient weak-
nesses in the study design. First of all, the diagnostic nature of these cases may be 
disputed as they were initially identified as having severe psychotic symptoms. In 
effect, Darby’s cases were, in most instances, retrieved from a large bibliography 
of articles focusing on patients having either childhood psychosis or schizophre-
nia. The available tissues for the cases identified by Darby varied enormously; 
in some cases a small biopsy and a single slide were available for study while in 
others there was access to the whole brain. Unsurprisingly, there were significant 
differences in the clinical presentation of cases with the most common finding by 
light microscopy being cerebral lipidosis; a histological change that several de-
cades ago made reference to intracellular lipofuscin accumulation. Nowadays the 
term is preferentially used for disorders of phospholipid metabolism. Darby con-
cluded that the noticeable variety of presentations and neuropathological findings 
made autism a heterogeneous disorder. Many years after his initial publication, 
in a letter to the American Journal of Psychiatry, he described autism as a final 
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common pathway of behavioral expression for many organic disorders (Darby 
and Clark 1992).

Aarkrog (1968) reported the microscopic analysis of a frontal lobe biopsy show-
ing thickening of the connective tissue within the leptomeninges. Similar nonde-
scriptive findings were provided by Williams and colleagues in a series of 4 indi-
viduals who exhibited an autistic phenotype. Among the patients reported, one had 
phenylketonuria and another had a probable diagnosis of Rett’s syndrome. Both 
macro- and microscopic examination, including Golgi examination, were normal 
(Williams et al. 1980).

The first study involving cell counts (pyramidal and non-pyramidal neurons 
as well as glia) in autism was reported by Coleman et al. (1985) in one autistic 
individual and two age-matched controls. Tissues were embedded in celloidin to 
prevent shrinkage artifacts and then stained with cresyl violet (a nuclear, nucleo-
lar and ribosomal stain), hematoxylin-eosin (a nuclear stain with a cytoplasmic 
counterstain), luxol fast blue (a myelin stain), and the Bodian silver impregna-
tion method (a stain that emphasizes the visualization of neurofibrils, axons and 
dendrites). There were no significant findings in cell numbers. Small pockets of 
eosinophilic (ischemic) neurons at the base of gyri in the autistic individual sug-
gested the possibility of an ulegyric process. In ulegyria scarring occurs in the 
depth of sulci most often as a result of hypoxic-ischemic brain injury during the 
perinatal period. The pockets of cells in Coleman’s case report should be consid-
ered the sequela of hypoperfusion, a pathophysiological mechanism that, in this 
case, is in agreement with the cause of death, i.e., infection and shock leading to 
disseminated intravascular coagulation.

8.2  Modern History

The modern history of neuropathological studies in autism begins with the classic 
studies of Margaret Bauman and Tom Kemper. The database used for their studies 
stemmed from a collection of whole-brain serial sections that had been embedded 
in celloidin following a protocol previously devised by Paul Yakovlev. Slides were 
viewed under a comparison microscope that allowed side-by-side analysis of speci-
mens and qualitative observations derived from their visual survey.

The initial case for Bauman and Kemper (1985) was a 29 year-old autistic male 
with a history of delayed development and stereotypical behaviors. He had a short 
attention span, showed no eye contact, and did not respond to his name. At age 21 
he had a major motor seizure and an EEG examination revealed a photoconvulsive 
pattern. He died by accidental drowning at the age of 29 years. Postmortem findings 
were primarily confined to subcortical regions with smaller than normal neurons 
being described in the hippocampus, entorhinal cortex, and amygdala. Purkinje cell 
loss was evident in the cerebellum for which no evidence of reactive gliosis was 
present, albeit examination was based on Nissl stained slides.
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Since their original descriptions, Bauman and Kemper added nine additional 
cases to their series (Bauman and Kemper 1985, 2005; Bauman 1991; Kemper 
and Bauman 1993; Raymond et al. 1996). Although the survey was based primar-
ily on qualitative visual inspection, areas of suspected abnormality were further 
quantitated for packing (cell) density and neuronal size. Four of the ten examined 
patients had seizures and had been treated with various anticonvulsant medications. 
Gross examination of the brains revealed no abnormalities. As in the initial case, 
most findings were found within the subcortical regions. Reduced neuronal size 
and increased cell density were reported for the hippocampus, entorhinal cortex, 
amygdala, medial septal nuclei and mammillary bodies. Within the nucleus of the 
diagonal band of Broca cells and olivary nuclei cells were described as larger in 
the brains of younger patients. All patients exhibited Purkinje cell loss without evi-
dence of retrograde abnormalities in the olivary nuclei. Other subcortical regions, 
including striatum, pallidum, hypothalamus and basal forebrain revealed no histo-
logic abnormalities.

The hippocampi of two of the patients in Bauman and Kemper series, a boy aged 
9 and a girl aged 7, were further studied by the rapid Golgi technique and compared 
against 2 controls (Raymond et al. 1996). The reasons for examining these two 
cases instead of their whole series, the anatomical level used for sampling, and 
number of slides analyzed were not described in the study. Both autistic cases had 
adequate staining of the CA1 subfield, but only 1 case was suitable for visualizing 
the pyramidal cells of the CA4 subfield. According to the authors, the CA4 subfield 
in one of the autistic children showed a reduction in size of the cell soma. Both 
autistic individuals; however, showed a simplification of the dendritic arborization 
in the CA1 and CA4 subfields.

Bauman and Kemper along with their colleagues also studied the hippocampus 
using immunocytochemistry for calbindin (CB), calretinin (CR) and parvalbumin 
(PV) (Lawrence et al. 2010). The patient sample consisted of 5 autistic individuals 
and an equal number of age matched controls. Results showed increased density of 
CB immunoreactive neurons in the dentate gyrus, increased CR positive interneu-
rons in area CA1, and an increase in PV interneurons in the CA1 and CA3 subfields 
of the hippocampus. The study failed to consider whether agonal (meaning pertain-
ing to death or dying) and/or preagonal conditions influenced their findings, nor 
did they examine for the presence of concomitant gliosis. The significance of the 
study is arguable given the large number of confounding variables that may cause 
misestimating anatomical elements in human postmortem tissue.

Many of the above related neuropathological findings have not been reproduced 
in more recent studies. Fatemi et al. (2002) found no differences in Purkinje cell 
density between their autistic and controls individuals ( N = 5 per group). Bailey 
et al. (1998) did not find any consistent neuronomorphometric differences among 
the different CA subfields of their patients. In similar manner, Schumann and Ama-
ral (2005, 2006) using modern stereological methods could not corroborate the 
presence of decreased neuronal size and increased packing density in the amygdala 
of autistic individuals. In effect, cell counts were lower in autistic individuals thus 
giving opposite results to the previous reports based on qualitative observations. 
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One major difference between the series of Schumann and Amaral (2006) and Bau-
man and Kemper (1994, 2005) was the exclusion in the former of individuals with 
seizure disorders.

Many years after Bauman and Kemper’s original report, Bailey et al. (1998) 
reported a comprehensive neuropathological study on the brains of 6 mentally 
handicapped autistic individuals. Although Bailey and colleagues found some ab-
normalities involving the brainstem (i.e., locus coeruleus, stria medullaris and arcu-
ate nuclei) they were the first to emphasize a dysplastic process within the cerebral 
cortex and a possible migratory abnormality. Indeed, several of their cases showed 
clustering of individual neurons (ectopias) within the white matter and abnormali-
ties in lamination within the frontal cortex.

8.3  Cerebral Cortex

Bauman and Kemper reported on abnormalities of the cerebral cortex in autistic 
individuals but the same did not occupy their main focus of attention. The anterior 
cingulate gyrus was described as poorly laminated in 5 out of 6 cases in their series 
(Bauman and Kemper 1994). The same researchers pursued their original findings 
by performing sterelogical quantitation of neuronomorphometric indices on the 
anterior cingulate gyrus in 9 autistic individuals and 4 controls. The series were 
matched for what was called “age-range” but not for age (mean age for autistics 
was 27.9 and 38.8 for controls) nor for hemisphere side. Results revealed decreased 
cell size in layers I–III and layers V–VI of area 24b and in cell packing density in 
layers V–VI of areas 24c.

Sections through the anterior cingulate gyrus have also been taken to study cell 
size and density of von Economo (spindle) neurons (VEN) (Simms et al. 2009). Be-
cause of their long connections and location (i.e., anterior cingulate, fronto-insular, 
and dorsolateral prefrontal cortex) these cells have been implicated in many cogni-
tive abilities and disabilities of humans. The study by Simms et al. (2009) revealed 
no significant between group differences for any of the parameters studied. Despite 
lack of significant findings the authors undertook a post hoc analysis that defined 
subgroups of autistic individuals (3 with increased and 3 with reduced VEN densi-
ties). Other studies on VENs have found either no differences (Kennedy et al. 2007) 
or a significant higher ratio of VEN to pyramidal cells in autistics as compared to 
controls (Santos et al. 2011). The significance of the latter study by Santos and 
colleagues is difficult to gauge as average section thickness of cut tissue was not 
standardized in the control series; varying from 200 to 500 μm with an average of 
300 μm. Since the section thickness in the series of autistic individuals was 200 μm, 
the findings of the study may be an artifact of how the tissue was prepared for ex-
amination.

Hutsler et al. (2007) evaluated thickness and lamination in postmortem tissue 
of 8 ASD patients and an equal number of age matched controls. The study found 
no significant differences for cortical thickness or for abnormalities in lamination. 
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However, qualitative observations revealed cell clustering in lamina I and the 
subplate region. A later study by the same group revealed an indistinct bound-
ary between layer VI and the white matter possibly reflecting the presence of 
an increased number of neurons beneath the cortical plate (Avino and Hutsler 
2010; Hutsler and Avino 2013). It was believed that the presence of supernumer-
ary neurons within the subplate region was the result of a migratory defect or 
failed apoptosis.

Courchesne et al. (2011) analyzed the cell number and size of neurons within the 
prefrontal cortex of 7 children with autism and 6 controls. Criteria used in quan-
titation (i.e., a high cytoplasm to nucleus ratio and the presence of a prominent 
nucleoli) excluded interneurons. The authors reported 70 % more neurons in the 
dorsolateral cortex and a 29 % increase in the mesial prefrontal cortex. There were 
no differences in the size of the cells. Prior to Courchesne, neuronal density in the 
dorsolateral prefrontal cortex was described as being 34 % higher in autistic indi-
viduals as compared to controls (Casanova et al. 2006a). The findings in the latter 
study were not confined to the frontal cortex but were also seen in other areas of 
the brain. Casanova et al. (2006a) attributed their finding to an increased number of 
minicolumns (see below).

8.4  Cortical Modularity

Arrays of vertically arranged pyramidal cells spanning the width of the cerebral 
cortex were noted by early anatomists of the late nineteenth century. Von Economo 
and Koskinas (1925) believed that the pyramidal cell arrays were closely related to 
the so-called radii, that is, pencil shaped bundles of myelinated fibers (also known 
as bundles of Meynert) within the cerebral cortex (Campbell 1905). Other authors 
have similarly reported a correlation between pyramidal cell arrays and both apical 
dendritic bundles and double bouquet cells. Thus, both pyramidal cell arrays as well 
as the axonal bundles or horsetails from double bouquet cells have shown a one-to-
one correspondence to myelinated axonal bundles (DeFelipe et al. 1990; Casanova 
et al. 2008). The previously described composite of cells and their projections sug-
gested their presence and interaction within a unifying anatomical structure which 
Lorente de Nó (1938) designated as an elementary unit of cortical organization. 
Based on thousands of microelectrode impalements, Mountcastle (1978) described 
a similarly oriented unit based on physiological means. He denominated this unit as 
a mini- or microcolumn.

Pyramidal cells are usually intermixed with smaller neurons, many of which lack 
a longitudinal axis. This limitation has often made it difficult to perform qualitative 
estimates of minicolumns based on inter-pyramidal cell array widths. Considering 
the fact that myelin staining is less prone to both postagonal and processing arti-
facts (Chan and Lowe 2002) and that myelinated axonal bundles do not bifurcate 
some authors have indicated that “the radial arrangement of the myeloarchitecture 
in many cortical regions often mirrors the suggestion of columnar arrangements 
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better than Nissl preparations” (von Bonin and Mehler 1971). Still, despite these 
arguments, most studies on minicolumnarity rely on Nissl stains.

Pyramidal cell arrays in humans have often been examined by Nissl stain and 
reported distances between these units range between 30 and 80 μm depending on 
brain region. These units originate from the ontogetic minicolumn (Fig. 8.1) and as 
such are one cell-wide (Casanova et al. 2007). For this reason some of the initial 
algorithms developed to detect minicolumns assumed that the separation between 
minicolumns was of the same order of magnitude as the separation between pyra-
midal cell somas (Buxhoeveden et al. 2000). While this assumption may hold true 
for supragranular layers it does not appear to hold for those laminae where granular 
or stellar neurons abound.

Using a semiautomated computerized imaging method to analyze minicolum-
nar morphometry based on pyramidal cell arrays, Casanova et al. (2002a) studied 
Brodmann areas 9, 21, and 22 in postmortem tissues of autism spectrum disorder 
(ASD) patients. The population consisted of 9 ASD individuals (7 males and 2 
females; mean age of 12 years) and 11 control subjects (7 males and 4 females; 
mean age of 14 years). Photomicrograph images were processed with a Gaussian 
gray-scale distribution and thresholded in order to define cellular kernels (Otsu 
1979). A Euclidean minimum spanning tree was used to parcellate the kernels so 
as to minimize the total length of all of the lines joining them (Fig. 8.2). Mini-
columnar width was defined as the mean distance between the tangential axes of 
pyramidal cell arrays. Other measured parameters included the relative dispersion 
of cells around the radial axis of each minicolumn, and the mean intercellular 
distance within minicolumns. Results of the study showed a significant reduction 
in minicolumnar widths with the greatest reduction found within their peripheral 
neuropil compartment.

Fig. 8.1  Periventricular germinal cells line the ventricular cavity, seen at the bottom of the image. 
Asymmetric divisions of germinal cells provide for daughter cells that migrate to the cortex fol-
lowing a glial scaffold. Once in the cortex the neuroblasts will continue their differentiation to 
pyramidal cells. These excitatory cells provide the core of the cell minicolumn. Inhibitory cells, in 
their majority, will develop in synchrony with pyramidal cells but migrate to the cortex following 
a tangential path
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Casanova et al. (2002b) used the same patient population ( vide supra) and 
analyzed the photomicrographs using a modification of the method developed by 
Schleicher et al. (2005) to assess thresholded images according to the gray level 
index (GLI). Intercolumnar distances, as defined by the intercluster width of GLI 
maxima values, were decreased and the mean number of clusters increased per giv-
en image. The results were consistent with previous findings indicating a greater 
number of narrower minicolumns in ASD.

The prior studies were followed by a multicenter international attempt to cor-
roborate the minicolumnar findings. The study centered on an independent sample 
provided by the Autism Tissue Program (6 patients DSM-IV-TR and ADI-R diag-
nosed and an equal number of age matched controls). Serial whole hemispheric 
coronal sections embedded in celloidin were available for examination. Digital 
photomicrograph montages were taken of cortical Brodmann areas 3, 4, 9, and 
17. Computerized image analysis with both the Euclidean minimum spanning tree 
and the GLI method were done blind to diagnoses. Minicolumnar widths were 
significantly diminished across all examined areas. Mean neuronal (cell body) 
and nucleolar cross sections were smaller in autistic individuals as compared to 
controls. Analysis of inter- and intracluster distances of edges obtained from a 
Delaunay triangulation suggested an increased number of minicolumns each one 
containing a normal number of cells. The authors indicated that the smaller cell 
bodies created a bias in corticocortical connectivity favoring shorter connections 
at the expense of longer ones. Also, the findings of an increased number of mini-
columns, each one of appropriate cell density, suggested an increased number 
of symmetrical divisions of periventricular germinal cells during embryogenesis 
(Casanova 2013).

The nature of the proposed minicolumnopathy was furthered characterized by 
comparing minicolumnar widths across cortical laminae (Casanova et al. 2010). 

Fig. 8.2  Panel on left shows a Nissl stained cross section of the cerebral cortex. The inset area, 
measuring 0.8 mm × 1.1 mm, is magnified on the right panel wherein a computerized algorithm 
identifies the presence of minicolumns. The method eliminates minicolumnar fragments usually 
less than 8 cells in depth
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The study used postmortem material from 7 ASD individuals and an equal number 
of age matched neurotypicals sampled at 9 different locations: Brodmann areas 3b, 
4, 9, 10, 11, 17, 24, 43, and 44. Each area was assessed at supragranular, granu-
lar and infragranular levels. Minicolumnar width diminution was equally observed 
across all examined levels. The findings suggested to the authors the involvement 
of an anatomical element in common to all levels. Given that the described mini-
columnopathy is marked by a diminution of the peripheral neuropil space (i.e., the 
compartment holding most of the interneurons), a possible abnormality of the in-
hibitory elements surrounding the minicolumns is suggested.

The presence of inhibitory elements within the peripheral neuropil space of 
minicolumns has drawn the analogy to a strong vertical flow or shower curtain of 
inhibition (Szentágothai and Arbib 1975; Mountcastle 1998). Many of the symp-
toms (e.g., seizures, hyper- hypo sensitivities) attributed to an excitatory/inhibitory 
imbalance within the cerebral cortex of autistic individuals may be rooted in an 
abnormality of the peripheral surround of minicolumns. Electrophysiological ex-
periments indirectly corroborate the presence of such a deficit in ASD. Casanova 
(2013) has proposed that the most parsimonious explanation to the minicolumnar 
findings is the forced and abnormal division of periventricular germinal cells dur-
ing brain development. Heterochronic divisions of germinal cells would provide for 
the migration of neuroblasts to the cortical plate at a time when their positioning off 
from the radial glial scaffold would not be coordinated with the tangentially derived 
interneurons (Casanova et al. 2013).

8.5  Cerebellum

Neuropathological reports have often stressed the presence of histological abnor-
malities of the cerebellum in autistic individuals. Many of these abnormalities are 
of a dysplastic nature, suggesting a deviation during brain development in the or-
ganization of this anatomical structure. In general, dysplasias are often noted in the 
context of widespread cerebral malformations (Soto-Ares et al. 2000). Clinical in-
formation is seldom useful for diagnosing cerebellar dysplasias and classification is 
largely based on morphological assessments performed either by structural imaging 
methods or postmortem examination (Patel and Barkovich 2002).

Within the cerebellar cortex, Purkinje cells are linearly arranged and buttressed 
between a cell-poor molecular layer and the underlying granular layer. Several stud-
ies have called attention to diminished numbers of Purkinje cells in autism. Given 
that these cells are the only source of efferent projections of the cerebellar cortex, it 
is claimed that this abnormality could account for some autistic symptoms. Bauman 
and Kemper’s (1985) original case had bilateral Purkinje cell loss in the neocer-
ebellum. Purkinje cell loss was more widespread when taking into consideration 
the ten cases in their series (Bauman 1991; Kemper and Bauman 1993; Bauman 
and Kemper 2005). Cell loss was observed in the posterolateral neocerebellar and 
archicerebellar cortices. Only two autistic individuals within their series showed 
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pallor when staining for granule cells. Contrary to neuroimaging studies of vermal 
abnormalities in autism, Bauman and Kemper have reported no histological abnor-
malities in this region (Arin et al. 1991; Bauman and Kemper 1996). The lack of 
concomitant gliosis and absence of retrograde olivary cell loss made Bauman and 
Kemper suggest that Purkinje cell loss is most consistent with a lesion early during 
brain development.

Bauman and Kemper (1985) conclusions of an early developmental lesion have 
been questioned. Screening for the presence of gliosis using Nissl staining is unre-
liable and should be avoided. More recent studies using immunocytochemistry or 
Western blotting for GFAP suggest the presence of astrocytosis in the cerebellum 
of autistic individuals (Bailey et al. 1998; Laurence and Fatemi 2005; Vargas et al. 
2005). GFAP belongs to a family of intermediary filament proteins that is expressed 
during the process of reactive astrocytosis and glial scar formation (Sofroniew and 
Vinters 2010). This upregulation of GFAP expression in autism is characterized by 
the presence of hypertrophic cell bodies and processes in a narrow and compact 
spread along the Purkinje cell layer. There is no reorganization of tissue architecture 
and no intermingling of processes across different astrocytic domains to suggest a 
glial scar formation or a severe focal lesion. Thus, the presence of a GFAP astrocytic 
response appears to be a reactive process to the loss of Purkinje cells.

Many autistic individuals suffer from epilepsy and may receive the anticonvul-
sant phenytoin as treatment. In addition some patients may engage in self-injurious 
behaviors, such as head banging, leading to contusions. Both seizures and phe-
nytoin can provide for cerebellar atrophy and reduced Purkinje cell densities as a 
result of excitatory damage by the cerebro-cerebellar pathways (Crooks et al. 2000). 
Fronto-temporal contusions are associated to posterior lobe atrophy via a posttrau-
matic mechanism rather than to excitatory damage (Crooks et al. 2000). It seems 
possible that Purkinje cell loss in autism is, in part, the result of either or all of the 
above related conditions rather than a neurodevelopmental condition. In effect, Bai-
ley et al. (1998) claimed that Purkinje cell loss during development was puzzling in 
lieu of the normal development of the cerebellar cortex. Moreover, these investiga-
tors also claimed that olivary cell loss is hard to assess as the cells normally show 
large variations in density and lie relatively far apart. It is therefore unsurprising that 
a later study by the Bauman and Kemper group comparing immunocytochemistry 
and Nissl staining indicated the possibility that agonal conditions and postmortem 
handling could account for inadequate Nissl staining and the lower Purkinje cell 
counts reported in their prior studies (Whitney et al. 2008).

8.6  Brainstem

Rodier et al. (1996) examined sections though the lower cranial nuclei of a single 
autistic individual. There were multiple abnormalities including a shortened dis-
tance between the trapezoid body and the inferior olive, and an absence of both su-
perior olivary and facial nuclei. The authors concluded that, at least for the reported 
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case, there was some type of injury that occurred around the time of neural tube 
closure. Congenital facial palsy is uncommon and when present it may be charac-
teristic of the Moebius syndrome. Approximately 40 % of children with Moebius 
syndrome show symptoms typical of autism spectrum disorders (Gillberg and Stef-
fenburg 1989).

Kulesza and Mangunay (2008) pursued Rodier’s finding and studied the superior 
olivary nucleus of 5 autistic subjects and 2 non-age matched controls. According 
to the ATP’s portal, one of the cases used in this study had a diagnosis of Fragile 
X-syndrome. Kuleszca and Mangunay (2008) concluded that there were significant 
morphological differences in the medial superior olivary nuclei in each of their 5 
autistic cases as compared to controls. The age of their two controls (26 and 29 
years) did not match the ages of the younger autistic patients (8 and 13 years). A 
more recent study by Thevarkunnel et al. (2004) showed no abnormalities of the 
superior olivary or facial nuclei in autistic individuals. Details of this work remain 
unknown as the original abstract presentation has not been published in a peer-
review journal.

Another nucleus of the brainstem that has received attention in autism is the lo-
cus coeruleus. In Bailey et al. (1998) study on 6 autistic patients, one was described 
as having a widely dispersed nuclei and another one as having loosely grouped neu-
rons. Martchek et al. (2006) used non-age matched hemisections (also not matched 
for hemisphere side) to perform a stereological study of this nucleus. They reported 
no significant between group differences in total cell counts, volume or numerical 
density of the locus coeruleus.

8.7  Axons

Hof et al. (1991) reported the neuropathological findings of a microcephalic autistic 
patient with premature closure of the cranial sutures. During life the patient exhib-
ited a variety of self-injurious behaviors including head banging, eye-gouging, and 
self-biting. The gyral pattern at autopsy was normal but the brain exhibited general-
ized atrophy. At microscopic examination neurofibrillary tangles were found in the 
superficial layers of the perirhinal and entorhinal cortex and layers II and III of the 
neocortex. There was no evidence of concomitant amyloid accumulation. Given 
the severity of the patient’s self-injurious behaviors the authors suggested that the 
presence of neurofibrillary tangles was the results of a degenerative condition pro-
moted by repeated brain trauma, i.e., dementia pugilistica. If this was the case, the 
patient must have exhibited thinning of the corpus callosum and diffuse axonal in-
jury. Curiously the neurofibrillary tangle distribution in this case followed the same 
distribution as people with Alzheimer’s rather than mimic the location of contusive 
injuries (Jordan 2009).

Weidenheim et al. (2001) reported 2 cases of neuroaxonal dystrophy with second-
ary autism. Axonal swellings forming varicosities or spheroids were found within 
catecholaminergic and serotonergic nuclei. According to the authors, the topography 
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of neuropathological changes suggested that limbic and other deep grey matter struc-
tures play an important role in the pathophysiology of autistic behaviors.

The density and thickness of axonal projections were studied using stereology 
in 5 autistic individuals and 4 age matched controls (Zikopoulos and Barbas 2010). 
Sampled sites included the white matter below the anterior cingulate cortex, orbito-
frontal cortex, and lateral prefrontal cortex. Increased axonal density was reported 
below the anterior cingulate cortex and an excessive number of thinned axons be-
low the orbitofrontal cortex. The findings indicate that at least anatomically there 
seems to be a bias towards shorter projections in autism (Casanova et al. 2006b).

The temporal lobes and telencephalic subcortical structures (i.e., medial and lat-
eral forebrain bundles) were examined for serotonergic axons with immunocyto-
chemistry (Azmitia et al. 2011). Thirteen autistic individuals and nine age matched 
controls were used in this study. Dystrophic serotonin positive axons were de-
scribed in both forebrain bundles, amygdala, and in the piriform, superior temporal, 
and parahippocampal cortices. In analyzing the results the investigators did not take 
into account the preagonal and agonal conditions of the patients, length of fixation 
or postmortem interval.

8.8  Brain Weight

The fact that the brain, even after death, has the capacity to react to its environ-
ment is poorly appreciated by the research community. Within minutes after death 
autolysis, resulting from the release of enzymes within cells, is evident as part of 
the postmortem decomposition process. Within less than 4 h the gray matter shows 
a rapid increase in water and sodium and a fall in potassium content.

Later on bacterial proliferation leads to putrefaction. Several factors influence 
how rapidly these processes take place including environmental temperature, obe-
sity, and the presence of septicemia.

All of the above mentioned factors influence fresh brain weight and my lead 
to spurious conclusions when taking this parameter as an index of pathology. It is 
therefore of importance that studies of fresh brain weights take into consideration 
the possibility of postmortem edema before attributing heftier specimens to either 
true macrocephaly or in vivo brain swelling. Usually convolutional flattening along 
with diminished ventricular size could suggest an in vivo phenomenon. However, 
histologic examination is of little use in ascertaining the presence of edema (Yates 
et al. 1975). It is usually agreed that neuroimaging studies in vivo allow for a more 
accurate determination of brain swelling than does post-mortem assessment: “The 
assessment of diffuse brain swelling at autopsy on the basis of convolutional flat-
tening, obliteration of sulci and small symmetrical ventricles is complicated by the 
fact that some swelling of the brain is normally present post mortem. Neuroimaging 
in vivo allows more accurate and sensitive measurement of brain swelling than does 
macroscopic post-mortem assessment” (Blumbergs et al. 2008, p. 767).

Brain weight is also collected after formalin fixation. Depending on time of 
fixation and concentration of fixative solution (usually 10 % formalin solution, 
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the equivalent of a 3.7 % formaldehyde solution) there will be a variable increase 
in brain weight. This increase will be more noticeable in children as compared to 
adults (Ludwig 2002). The findings are of significance when researchers perform 
studies on cellular density measurements instead of total cell counts.

Most studies on brain weight in autism have failed to disclose the conditions 
under which this parameter was collected. In some cases it is not possible even to 
say whether fresh or post-fixation brain weights were used alone or mixed together 
within the same sample. Furthermore, useful clinical indices to judge the validity 
of brain weights are usually not reported, e.g., cause of death, duration of terminal 
illness, terminal state of hydration (Itabashi et al. 2007). Given all of the above men-
tioned limitations the few available studies on postmortem brain weight in autism 
are of arguable significance.

In Williams et al. (1980) study the brains of their 4 autistic subjects (4 to 33 
years of age) fell within 2 standard deviations of the mean for age. Hof et al. (1991) 
patient was microcephalic with a brain weigh of 773 g. Bauman and Kemper (1994) 
collected fresh brain weights from 12 autistic children, aged 5–13 years, and 8 
adults, aged 18–54 years. The investigators concluded that their data were in agree-
ment with that of others suggesting an early acceleration followed over the course 
of ageing by an apparent deceleration in brain weight. The conclusions may stand 
to be corrected as the patient series included 3 obvious outliers.

Bailey et al. (1993) reported heavier brain weights in 3 out of their 4 autistic sub-
jects (age range 4–27 years). Microscopic examination did not reveal an increase 
in neuronal density. Two additional cases, with tissue available for microscopic ex-
amination, were added to their series (Bailey et al. 1998). Three of the six patients 
evidence brain swelling without herniation most possibly as a result of postmortem 
edema. One of the latter brains also showed signs of putrefaction.

Courchesne et al. (1999) reported on brain weights of 5 new cases and 16 previ-
ously reported ones and compared them to 6 normative series. They concluded that 
brain weights for autistic subjects are usually within the normal range with rare 
cases of megalencephaly. The series was later pursued with a metanalysis on 55 
specimens (Courchesne et al. 1999; Redcay and Courchesne 2005). The research-
ers concluded that there is divergence in brain weights early on in life that tends to 
normalize with ageing.

8.9  A Locus Minoris Resistentiae

A multitude of studies presently suggest that the brains of autism spectrum disorder 
individuals suffer from a developmental malformation. The underlying process ap-
pears widespread affecting the cerebral cortex, brainstem and cerebellum. Reports 
of non-universality have been attributed to the limited sampling of some studies 
(Hutsler et al. 2007).

Bailey et al. (1998) reported cortical dysgenesis in five out of seven of their 
cases. Hutsler et al. (2007) described an overabundance of cells within the cortical 



166 M. F. Casanova

white matter. All nine cases reported by Bauman and Kemper (2005) showed clus-
tering of neurons in the inferior olive and in one case an ectopic cluster of cells 
adjacent to the inferior peduncle. Wegiel et al. (2010) have described the presence 
of focal heterotopias that vary widely as to location among a significant portion of 
autistic individuals (Fig. 8.3). More recently, Casanova et al. (2013) described the 
presence of circumscribed dysplastic foci throughout the cerebral cortex of autistic 
individuals.

The generality of findings, from heterotopias to cortical malformations (includ-
ing a minicolumnopathy), indicate the presence of a migrational defect in autism.

Defects of neuronal migration involve different steps including the division 
of precursors from a germinal field, ongoing migration through the white matter, 
penetration of the subplate, and their progression through the cortical plate. The 
literature supports abnormalities for each of these steps. In autism migrational ab-
normalities are suggested from accounts of cortical dysplasias, thickening of the 
cortex, variations in neuronal density, minicolumnar alterations, the presence of 
neurons in the molecular layer as well as in the white matter, irregular laminar 

Fig. 8.3  Cellodin embedded 
Nissl stained section of the 
human brain. The coronal 
section is within the prefron-
tal lobes. A large cluster of 
neurons ( circled) has failed to 
migrate to the cortex and now 
rests near the ventricle. Simi-
lar clusters of cells, known as 
heterotopias, are often related 
to cortical malformations 
(dysplasias) and seizures
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patterns, poor gray-white matter differentiation, and ectopic foci of cells (Schmitz 
and Rezaie 2008).

8.10  Conclusions

This chapter summarizes the literature of neuropathological findings in autism. The 
proper interpretation of neuropathological findings has to take into account limita-
tions in both research designs and techniques. Autopsied or biopsied tissue offers 
a cross section of an ongoing disease process for which the initial stages may have 
already escaped examination. This is of importance especially in neurodevelopmen-
tal conditions when tissue is available only many years after onset of the insult. In 
this regard both adaptive changes (those provided by the plasticity of the brain) and 
reactive processes may provide for neuropathological findings that are secondary 
to the core features of the condition. This limitation, a mixture of findings denot-
ing primary and secondary aspects of pathology, is proper to the temporal nature 
of an unfolding pathological process. Changes may fortuitously be discovered in 
the biased and often limited sampling strategy of a neuropathologist. However, it is 
clear that many areas of the brain act within networks to combine different stimuli 
into a behavioral response. Sometimes the patency of these networks may be better 
judged in vivo with electrophysiological and neuroimaging techniques than with 
neuropathology. These limitations are not unique to autism, but they appear inordi-
nately important to this condition given the small sample sizes within postmortem 
series. In this regard, we should always take into consideration the possible role of 
comorbidities (e.g., seizures and consequent hypoxia) and medications (e.g., anti-
convulsant, neuroleptics) when reporting neuropathological findings in autism.

Despite many controversies, there appear to be a consensus of findings in au-
tism that may reflect on the core pathology of the disorder. Indeed, many described 
abnormalities are clearly visible and robustly demonstrable. As an example, most 
researchers agree that there is variability in brain volume that appears to be age 
dependent. There is also evidence of migrational abnormalities as reflected in both 
heterotopias and dysplastic cortical abnormalities (e.g., minicolumnopathy). Neu-
roimaging studies have consistently demonstrated a smaller corpus callosum de-
spite larger than average brains. Both neuroimaging and neurophysiological stud-
ies indicate alterations in the blueprint of corticocortical connectivity in the brains 
of autistic individuals. It is therefore of importance that these valuable findings 
are taken into account when providing a working framework explaining the patho-
physiology of the condition. Although many details of this framework are presently 
missing, the findings thus far reported provide the fingerprint of a neurodevelop-
mental condition.

Autism is a complex multifactorial trait. This author has previously proposed 
that it is the result of a “triple hit” wherein a genetic proclivity and environmental 
stressors act at particular times during brain development to provide the autistic 
phenotype. Although variability for each of these events may provide for clinical 
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heterogeneity, a basic mechanism may underlie most of the reported pathology. The 
author’s own studies and those available in the medical literature help illustrate the 
possibility of heterochronic division of germinal cells giving rise to abnormalities 
of corticogenesis. Within this framework, reported abnormalities such as those of a 
minicolumnopathy and/or heterotopias offer useful correlates to sensory abnormali-
ties and seizures often reported in patients within the autistic spectrum.
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Abstract ASD is a complex and common neurobehavioral disorder with no iden-
tified single specific biologic etiology. Instead there appear to be diverse abnor-
malities of brain networks with cellular, biochemical, and genetic factors. Though 
behavioral therapy is a major component to management of individuals with ASD, 
psychopharmacology has emerged as an important therapeutic tool. Pharmacol-
ogy is targeted at associated disorders such as sleep disorders, aggression, anxiety, 
depression, repetitive behaviors, and hyperactivity. This chapter reviews current 
agents noted by research trials to be of benefit. Additional medications under cur-
rent research are also briefly noted.
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Autism spectrum disorder (ASD) is a complex neurobehavioral entity that requires 
a multi-disciplinary and multi-level management approach (Silver and Rapin 2012). 
Research shows that children with ASD have abnormalities at the brain network 
level as well as cellular (i.e., cerebellar Purkinje cells) and biochemical abnor-
malities. Brain network abnormalities include excess or redundant connections in 
neighboring central nervous system (CNS) regions at the expense of other long-
distance connections. Biochemical dysfunctions are identified in neurotransmitter 
levels, immune system function, and reaction to drugs. A variety of etiologies have 
been proposed which share elaborate genetic and molecular systems of considerable 
heterogeneity as well as environmental influence (Tuchman 2013; Tchaconas and 
Adesman 2013; Butler et al. 2012).
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The diagnostic criteria for ASD were significantly revised in the recently pub-
lished Fifth Edition of the Diagnostic and Statistical Manual of Mental Disorders 
(American Psychiatric Association 2013). An advanced release of proposed new 
criteria elicited considerable controversy amongst lay groups because of the con-
cern that some patients would not meet the new diagnostic parameters and would 
thus lose benefit eligibility (Weblink #1 n. d.; Weblink #2 n. d.). On the other hand, 
initial studies appear to show that most patients would still be diagnosed with ASD 
(Huerta et al. 2012). At any rate, since there is no unique biologic etiology known at 
this time, there is no specific biologic treatment that is available to improve the core 
features of ASD. There are, however, ASD associated features that can be improved 
to a variable and individual extent by utilizing pharmacologic agents. Although 
such agents are not indicated as first line treatment options, they play an important 
role in the management of selected patients who have failed behavioral approaches 
(Kaplan and McCracken 2012).

Current pharmacologic management involves utilization of mediations to target 
the following symptoms: sleep dysfunction (sleep disorders), aggression, repetitive 
behaviors, hyperactivity, depression, and/or anxiety. Careful initial and on-going 
assessments are needed to identify these symptoms as well as co-morbid disorders, 
understand what impact they have on the individual, and identify any potential drug/
drug interactions with other medications the patient may be on. It is also important 
to carefully manage other disorders that may be co-occurring such as epilepsy, sleep 
disorders and ADHD (Silver and Rapin 2012; Robinson 2012; Taurines et al. 2012). 
As research remains limited especially with regard to the optimal medications for 
adolescents and young adult populations with ASD (Dove et al. 2012), it is hoped 
that advances in pharmacology in the twenty-first century will lead to new and im-
proved options. The aim of this chapter is to review medications that are available 
at this time.

9.1  Sleep Disorders

The brain of Homo sapiens is a complex and wondrous structure of biology that has 
evolved over millions of years (Bullock et al. 2005). It contains over 100 billion 
neurons (100 ×  1012) and over 10,000 synapses per neuron (> 1018 synapses). The 
human brain has about 100,000 km of fibers, 1 trillion or more glial cells and holds 
equivalent of 1.25 terabytes (TB) of digital information. As this highly complex 
system evolved to allow modern human existence, three specific stages of con-
sciousness emerged: wake, non-REM (rapid eye movement) sleep, and REM sleep 
(Greydanus et al. 2008). Even though the brain is very active during deep sleep, it 
requires many hours of REM-sleep (rapid-eye-movement sleep phase) every 24 h to 
function optimally during the awake or non-sleep phase of life. This is true of every 
human being regardless of medical conditions that may be present including ASD.

Table 9.1 lists the normal sleep requirement for pediatric individuals from new-
borns to adolescents. There is considerable variability from person to person but all 
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must confirm to their personal sleep requirements for maximum physical and emo-
tional health. As sleep science has emerged over the past few decades, it has become 
understood that many people do not meet their proper sleep requirement and this 
includes children and adolescents (Chhangani et al. 2011). Many pediatric patients 
have sleep disorders or dysfunction (Table 9.2) that complicates their overall health.

A variety of sleep disorders can be found in children as well as adolescents with 
ASD (Kotagal and Broomall 2012; Richdale 1999; Cortesi et al. 2010; Bruni 2007; 
Paavonen et al. 2008; Young et al. 2007). Sleep disorders in this population can be 
present in up to 83 % of adolescents with ASD (Bullock et al. 2005) and can be due 
to a number of behavioral and biological factors. Behavioral factors involved with 
sleep dysfunction include poor sleep hygiene in which the individual does not learn 
to establish a regular and normal sleep cycle. Heightened sensitization to environ-
mental stimuli may be found in those with ASD (Kotagal and Broomall 2012).

There can also be circadian or biologic factors causing sleep dysfunction which 
can involve the CNS master clock that is identified as the suprachiasmatic nucleus 

Newborn: 16–20 h
Infants: 14–15 h
Toddlers (1–3 years): 12 h
Pre-school (3–5 years): 11–12 h
School age (6 to 12 years): 10–11 h
Adolescents: 9 h

Insomnia
Excessive daytime sleepiness
Narcolepsy
Klein-Levin Syndrome
Post-traumatic hypersomnolence
Obstructive sleep apnea (OSA) or obstructive sleep apnea
 Syndrome
Parasomnias
   Rhythmic movement disorders (i.e., head banging, head roll-

ing, body rocking)
  Bruxism
  Sleep talking
  Sleep walking (somnambulism)
  Nightmares
  Sleep terrors (pavor nocturnus)
  Nocturnal enuresis
Restless Leg Syndrome (Periodic limb movement disorder)
Others

Table 9.1  Normal sleep 
requirements per 24 h of 
pediatric patients. (Tuchman 
2013)

Table 9.2  Partial list of sleep 
disorders. (Tuchman 2013; 
Tchaconas and Adesman 
2013)
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of the anterior hypothalamus (Silver and Rapin 2012). Abnormal melatonin secre-
tion may be found in some individuals with ASD who have sleep dysfunction (Sil-
ver and Rapin 2012; Kotagal and Broomall 2012). Sleep problems are also common 
in conditions comorbid with ASD such as ADHD, mood disorders, anxiety disor-
ders, epilepsy, and other developmental disorders (Kotagal and Broomall 2012).

Medications themselves may be a cause of sleep dysfunction and these include 
anticonvulsants, antihistamines, antidepressants (i.e.,selective serotonin reuptake 
inhibitors [SSRIs] or tricyclic antidepressants [TCAs],corticosteroids, opioids, and 
stimulants). Some induce daytime sedation (i.e., anticonvulsants, antihistamines, 
or opioids) while others have stimulant effects with resultant insomnia (i.e., stimu-
lants, corticosteroids). SSRIs can produce activating effects with sleep interruption. 
Insomnia due to delayed sleep onset can be found with use of alcohol or nicotine 
(tobacco).

A thorough sleep disorder assessment is needed to correctly identify what sleep 
dysfunction (s) is occurring. It is important to identify what medication (s) the child 
or adolescent is taking and what role such agents may be having in causing or wors-
ening underlying sleep dysfunction. A formal sleep study may be useful including a 
diagnostic nocturnal polysomnogram. The next step is the application of behavioral 
interventions seeking to improve any sleep dysfunction that is identified (Greyda-
nus et al. 2008; Chhangani et al. 2011; Kotagal and Broomall 2012). Improvement 
of altered sleep hygiene and/or co-morbid sleep disorders is an important step in 
biological management of this complex patient.

There are no current FDA-guidelines available for specific guidance in pharma-
cologic management of children with ASD who have co-morbid sleep disorders. 
Insomnia is the most common sleep disorder that is found and some recent research 
suggests that melatonin is safe and effective in doses up to 6 mg per day (Kaplan 
and McCracken 2012; Anderson et al. 2008; Tordjman et al. 2013). Table 9.3 lists 
various pharmacologic agents that have been used in the treatment of insomnia 
in pediatric patients; each agent has side effects and must be very cautiously pre-
scribed if melatonin is not beneficial (Chhangani et al. 2011).

Tables 9.4 and 9.5 outline pharmacologic agents used in pediatric patients in 
general who have a sleep disorder. Table 9.6 lists agents that may be useful in 

Melatonin
Melatonin agonist (ramelteon)
Alpha-2 agonists (clonidine)
Antihistamines (diphenhydramine, doxylamine)
Chloral hydrate
Tricyclic antidepressants (amitriptyline, nortriptyline, 
doxepine)
Other antidepressants (trazodone, mirtazapine)
Benzodiazepines (temazepam, triazolam, flurazepam, 
estazolam, quazepam, clonazepam, lorazepam)
Nonbenzodiazepines (zolpidem, zalepon, eszopiclone)

Table 9.3  Medications 
used for the management of 
insomnia. (Tchaconas and 
Adesman 2013)
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Table 9.4  Medications used to manage narcolepsy: Daytime sleepiness
Class Agent Dose Side effects
Psycho-
stimulants

Methylpheni-
date (MPH)

Mixed 
amphetamines 
Dextroamphet-
amine

10–60 mg/d; start with 
5–10 mg 2x/d; no more 
than 20 mg in a single 
dose or 60–80 mg/d; 
dosing can be a single 
AM dose or 3x/d.

Dose similar to MPH 
dose

Both MPH and amphetamines:
insomnia, reduced appetite, loss of 
weight, abdominal pain, headache, 
depression, rebound symptoms, 
FDA black box warning on sud-
den death; tolerance; controlled 
Scheduled II substance with abuse 
risk; others

Wake-
fulness 
promot-
ing agent 
(long-acting)

Modafinil Start with 100–200 mg 
once a day in the morn-
ing; some need a morning 
and noon dose; maximum 
dose is 400 mg/d

Not a controlled drug; FDA 
approved for narcolepsy > 14 years 
of age; headache, nausea, nervous-
ness, rhinitis, diarrhea, back pain, 
insomnia, dizziness, dyspepsia

Used with permission from Greydanus et al. 2008, pp. 199–222

Table 9.5  Medications used to manage narcolepsy: cataplexy, sleep paralysis, hypnagogic 
hallucinations
Class Agent Oral dose Side effects
Selective serotonin 
reuptake inhibitors

Fluoxetine 10–20 mg/d
(up to 60 mg/d)

Insomnia, headache, nausea

Other 
antidepressants

Venlafaxine 37.5 to 150 mg/d Sedation, dry mouth, headache, 
nausea

Tricyclic 
antidepressants

Imipramine
Protriptyline
Clomipramine

50–200 mg/d
10–40 mg/d
25–50 mg/d

Confusion, constipation, dizziness, 
sedation, dry mouth, tremor, urinary 
retention, weight gain

Benzodiazepines Clonazepam 0.25 mg to 2 mg 
orally at night

Adverse effects: sedation, ataxia, 
confusion; if stopped too soon: 
rebound reactions. Schedule IV 
controlled substance

Miscellaneous Sodium oxybate 6–9 g/d divided 
in 2 equal doses

FDA-approved for cataplexy; dif-
ficult to obtain unless one is a sleep 
expert; sedation, headache, nausea, 
dizziness, high abuse potential

Used with permission from Greydanus et al. 2008, pp. 199–222

Alpha-2-agonists: Clonidine (0.1–0.3 mg)
Tricyclic antidepressants: Imipramine (50–75 mg)
Other antidepressants (Trazodone: 25–50 mg)
Exogenous melatonin (3–6 mg)
SSRIs: Paroxetine (20–30 mg)
Mirtazapine: (7.5–15 mg)

Table 9.6  Sedating medica-
tions used at bedtime to 
manage insomnia in ADHD 
(given orally)
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those with comorbid ADHD. As already noted, one should be aware of potential 
adverse effects of these or any medications prescribed to patients with ASD and 
sleep disorders because these patients have heightened reactions to use of pharma-
cologic agents.

Obstructive sleep apnea and restless leg syndrome (RLS) may occur in children 
with ASD though their precise prevalence is not known at this time (Miano and 
Ferri 2010). However, the presence of these two medical conditions that can result 
in sleep disturbances should be evaluated as there are some additional therapeutic 
options. Obstructive sleep apnea (OSA) has a prevalence of 2–5 % in children and 
is characterized by periodic episodes of upper-airway obstruction (partial or com-
plete) that leads to hypoxia, hypercapnea, and sleep dysfunction (Chhangani et al. 
2011; Greydanus et al. 2008). There is limited pharmacologic management of OSA 
and therapy usually utilizes adenotonsillectomy and if necessary, nasal continuous 
positive airway pressure (CPAP) (Chhangani et al. 2011; Greydanus et al. 2008).

RLS (Table 9.7) can be difficult to manage in children and adolescents. Treat-
ment in pediatric patients is based on watchful waiting in mild conditions and 
seeking to improve sleep hygiene as well as avoid sleep deprivation. Factors which 
worsen the RLS should be removed or reduced and these include SSRIs, dopa-
mine antagonists, antihistamines, caffeine, nicotine, and alcohol (Chhangani et al. 
2011; Greydanus et al. 2008). The affected areas (i.e., as lower leg muscles) can 
be massaged along with application of hot or cold packs while moderate exercise 
may also be helpful. Pharmacologic agents used in adults with RLS include iron 
supplementation, opioids, anticonvulsants, benzodiazepines, and dopaminergic 
agents (Robinson 2012).

9.2  Aggression

Perhaps the symptom eliciting the most concern in children or adolescents with 
ASD is that of aggression and other dangerous behavior that continues despite the 
implementation of behavioral management approaches (Kaplan and McCracken 
2012; Nazeer 2011). Aggression is theorized to involve serotonergic, adrenergic, 
dopaminergic, and opioid systems in the human being (Nazeer 2011) and its im-
pact is a common and potentially serious issue in those with ASD as revealed in 
research. For example, in a review of 1380 patients with ASD, aggression to care-
givers was described in 68 % and in 49 % to others (i.e., non-caregivers) (Nazeer 
2011). Pharmacologic therapy is initiated in attempts to biologically ameliorate 

1. U: urge to move legs due to unpleasant 
sensations

2. R: worsening during periods of rest
3. G: gets better with movement
4. E: worse in the evening

Table 9.7  Four essential 
criteria for restless leg syn-
drome: URGE
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patterns of aggression, severe irritability, and self-injury. Use of these agents, listed 
in Table 9.8, should always be combined with intensive behavioral therapy.

9.2.1  Antipsychotics

Initial research with antipsychotics for aggressive children with ASD involved the 
use of haloperidol which demonstrated positive effects that were significantly better 
than placebo (Campbell et al. 1978; Mandell et al. 2008). Aggressive Behavior was 
improved along with such issues as negativity, lability of affect, and angry affect. 
Haloperidol is a classic antipsychotic with a high degree of negative effects includ-
ing unacceptable sedation along with one-third developing dystonias and withdraw-
al dyskinesias. Use of these older (first generation) antipsychotics has been replaced 
by use of the newer (second generation) atypical antipsychotics which may have a 
lower incidence of tardive dyskinesia (Anderson et al. 1984; Campbell et al. 1997; 
Posey et al. 2008; Caccia 2013). Research has mainly focused on aripiprazole and 
risperidone (Nazeer 2011).

Regarding aripiprazole, one controlled study of patients 6 to 17 years of age 
with ASD noted that severe aggression and irritability were significantly improved 
over placebo using three doses: 5, 10, and 15 mg per day (Marcus et al. 2009). 
Another research study of this same age and diagnosis cohort also found improve-
ment over 8 weeks that reached a gradually increasing dose with a mean of 8.6 mg 
per day at the end of an eight week study (Owen et al. 2009). Both studies noted 
adverse effects of sedation as well as weight gain and the 8 week study also noted 
the presence of extrapyramidal symptoms (Owen et al. 2009). In 2009 the US 
Food and Drug Administration (FDA) approved the use of aripiprazole for those 
with ASD who are 6 to 17 years of age and had considerable irritability. Clini-
cians generally use a maintenance dose between 5 and 15 mg per day (Kaplan and 
McCracken 2012).

The United States NIMH RUPP ASD Network studied risperidone and conclud-
ed that a mean dose of 2.08 mg/day provided significant reduction in aggression (in-
cluding self-injury and severe tantrums) in their study of 101 pediatric patients with 

Antipsychotics
a. Haloperidol
b. Risperidone
c. Aripiprazole
d. Olanzapine
e. Ziprasidone
Methylphenidate
Divalproex
Naltrexone

Table 9.8  Pharmacologic agents used to manage aggression in pediatric patients with ASD
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ASD aged 5 to 17 years of age (McCracken et al. 2002; RUPPa 2005a). A relapse 
of these symptoms occurred in most if the medication was stopped at 6 months of 
age and use of the medication resulted in a significant weight gain of 5.6 kg over 
6 months. No evidence of tardive dyskinesia or dystonia was seen in this research. 
An added benefit of the use of atypical antipsychotics in children with ASD is a 
significant reduction in hyperactivity ( vida infra) (McCracken et al. 2002; Sharma 
and Shaw 2012).

A meta-analysis of post-2000 RCT studies using risperidone in patients with 
ASD revealed a large mean-effect size of 1.21 (Sharma and Shaw 2012). In 2006 
the US FDA approved it in those with ASD aged 5 to 17 years of age for the man-
agement of ASD irritability that includes rapidly changing moods, temper tantrums, 
deliberate self-injury, and aggression; the maximum daily dose was 3 mg. It is not 
clear how long to place these children and adolescents on atypical antipsychotics 
but positive benefits may be seen for 6 to 12 months (Kaplan and McCracken 2012).

Observing for potential side effects (Table 9.9) is important and this includes 
monitoring each visit for such adverse effects as sedation, lethargy, and weight gain. 
The clinician should monitor every 6 months for the development of tardive dys-
kinesia as well as Parkinsonism; also, one should order laboratory studies every 6 
months for screening of potential hyperglycemia and hyperlipidemia (Kaplan and 
McCracken 2012). The Abnormal Involuntary Movement Scale (AIMS) can be 
used to monitor abnormal movement development (Guy 1976). The clinician can 
also screen every few visits for symptoms of hyperprolactinemia (i.e., galactorrhea, 
gynecomastia, menstrual irregularity, sexual dysfunction) and obtain a prolactin 
level if indicated (Roke et al. 2012). The pharmacokinetics of these agents can be 
unique and complex for children and adolescents based on individualized factors 
including demographic variants, phenotype, and drug interactions (Caccia 2013).

Research is limited in the effectiveness of other atypical antipsychotics but there 
is some early evidence that olanzapine and ziprasidone may be helpful while que-
tiapine has not been shown to be helpful in ASD children in terms of amelioration of 
aggression and related symptoms (Potenza et al. 1999; Malone et al. 2007; Martin 

Allergic reactions (including rash)
Cardiovascular adverse effects
Hyperglycemia
Hyperlipidemia
Hyperprolactinemia (with galactorrhea)
Lethargy
Neuroleptic malignant syndrome
Parkinsonism
Sedation
Tardive dyskinesia
Weight gain

Table 9.9  Potential 
side effects of atypical 
antipsychotics
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et al. 1999). Research is seeking novel drugs for management of ASD that have 
improved drug profiles over atypical antipsychotics (Politte and McDougle 2014). 
However, antipsychotics remain a commonly used class of psychotropic drugs used 
in the management of children and adolescents with ASD (Schubart et al. 2013).

9.2.2  Stimulants

In addition to a well-researched role of methylphenidate (MPH) for improvement 
of hyperactivity and attention span dysfunction in those with ADHD, there is some 
limited research suggesting that MPH can improve symptoms of aggression in chil-
dren aged 5 to 11 years with ASD (Handen et al. 2000; Quintana et al. 1995). These 
studies are small and of limited duration; one noted an increase in unacceptable ad-
verse effects from MPH which included abnormal movement, agitation, and chang-
es of mood (Handen et al. 2000). Thus, the role of MPH is not well established and 
is considered in selective situations such as when aggression is associated with 
impulsivity and hyperactivity (Nazeer 2011). There is no research evidence at this 
time for the use of amphetamines in those with ASD.

9.2.3  Divalproex

There is also limited research on the use of the anticonvulsant divalproex for ASD 
children or adolescents with aggression. One study has shown modest improvement 
in use of this mood stabilizer in 55 patients with ASD who were 5 to 17 years of 
age (Hollander et al. 2010). Limited side effects were recorded in these patients 
and those with benefit tended to have higher valproate blood levels than those who 
did not develop improvement in aggression. This chemical has a number of actions 
including enhancing neurotransmission of gamma-amino-butyric acid (GABA), 
blocking voltage-gated sodium channels as well as T-type calcium channels, and 
also serving as a histone deacetylase inhibitor. Increased appetite, liver dysfunc-
tion, and blood dyscrasias can develop with this agent. Divalproex is not approved 
by the US FDA for this indication. Other mood stabilizers under research include 
lamotrigine and levetiracetam (Nazeer 2011).

9.2.4  Others

Limited research has noted some positive response in pediatric patients with ASD 
and aggression who were placed on clonidine (alpha-2 adrenergic agonist) and na-
ltrexone (opioid receptor antagonist) (McCracken et al. 2002; Parikh et al. 2008). 
These agents are not FDA approved for this indication and more research is needed 
in this regard.
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9.3  Repetitive Behaviors

A classic feature of ASD is the presence of restricted repetitive and stereotyped be-
haviors such as rocking and other limb movements. When severe, these can interfere 
with activities and may necessitate treatment. Though behavior therapies are the first 
line of management, pharmacologic agents may be necessary for these severe re-
stricted repetitive behaviors (RRBs) not responding to such therapy. Agents which 
have been used include selective serotonin reuptake inhibitors (SSRIs), atypical an-
tipsychotics, and divalproex (Kaplan and McCracken 2012; Nazeer 2011). Medica-
tions may not be beneficial or side effects may not be tolerated in these individuals.

9.3.1  Atypical Antipsychotics

In addition to revealing benefit in aggressive behavior for children and adolescents 
with ASD, the United States NIHM RUPP ASD Network also demonstrated some 
reduction in RRBs with use of risperidone (McDougle et al. 2005). Aripiprazole 
has also shown an effect on RRBs as well (Marcus et al. 2009; Owen et al. 2009).

9.3.2  Selective Serotonin Reuptake Inhibitors (SSRIs)

The complexity of ASD is indicated by the failure of research studies to show RRBs 
reduction in patients placed on SSRIs despite the identified serotonin dysfunction 
found in ASD and despite the known improvement in obsessions as well as com-
pulsions seen in other patients on SSRIs who have anxiety disorders (Kaplan and 
McCracken 2012). There are anectodal reports of improvement of RRBs in those 
with ASD on SSRIs and SSRIs are the most common type of psychopharmaco-
logic agents prescribed for these patients (Mandell et al. 2008). One research study 
of fluoxetine (mean dose of 9.9 mg per day) demonstrated improvement in RRBs 
over placebo in 39 children aged 5 to 16 years of age (Hollander et al. 2005) while 
a larger trial of fluoxetine using 158 individuals aged 5 to 17 years of age did not 
demonstrate improvement (Weblink #3 n. d.).

A study of citalopram (using doses from 2.5 mg per day to a maximum dose of 
20 mg per day) did not show reduction in RRBs in 149 patients aged 5 to 17 years 
of age; also one third developed serotonergic activation-type adverse effects that 
included insomnia, mood changes, and increased activity (King et al. 2009). An 
open label study using escitalopram revealed some benefit in RRB reduction (Ow-
ley et al. 2005). While some studies found that some ASD patients derive benefit 
from SSRIs with careful titration and monitoring (Kaplan and McCracken 2012), 
a RCT meta-analysis concluded the contrary (Williams et al. 2013). Some have 
suggested the use of mirtazapine which is a noradrenergic and specific serotonergic 
antidepressant (Nazeer 2011).
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9.3.3  Divalproex Sodium

One study of 13 persons with ASD taking divalproex sodium over 8 weeks in a 
double-blind, placebo-controlled trial revealed significant lowering of RRBs in 
contrast to placebo (Hollander et al. 2006). Though encouraging, more confirma-
tory research is needed to consider or recommend this medication for management 
of RRBs in these patients.

9.4  Hyperactivity

Hyperactivity is a common symptom seen in children with ASD and research notes 
that between one-fourth and three fourths of these pediatric patients can be diag-
nosed with co-morbid attention deficit hyperactivity disorder (ADHD) (McCracken 
2010; Murray 2010; Antshel et al. 2013). While the presence of hyperactive symp-
toms was long noted in ASD, previous DSM criteria did not allow for coding co-
morbid ADHD even when patients met full criteria, a dilemma that was resolved in 
DSM-5 (American Psychiatric Association 2013). ADHD is a neurobehavioral dis-
order with abnormalities in various neurotransmitter systems, particularly the dopa-
minergic and noradrenergic (Greydanus et al. 2013). At least 7 genes are involved 
in ADHD: DRD4, DRD5, DAT, DBH, 5-HTT, HTR1B, and SNAP25 (Greydanus 
et al. 2013). Table 9.10 lists medications that have been utilized to control vari-
ous features of ADHD (Greydanus et al. 2003, 2007). The combination of ADHD 
and ASD represents a challenging clinical conundrum in which adverse effects to 
medications may be heightened and response to pharmacologic agents may be sub-
optimal (Nazeer 2011).

9.4.1  Stimulants

Hundreds of randomized, controlled, research studies have revealed that stimulant 
medications can improve the concentration ability of 75–95 % of children, adoles-
cents and adults with ADD/ADHD (Greydanus et al. 2003,2007). Surveys suggest-
ed that approximately 6–8 % of those between 5 and 15 years of age in the United 
States take stimulant medication for ADHD (Greydanus et al. 2003). Stimulants 

Stimulants (methylphenidate [MPH] and amphetamine)
Atomoxetine
Atypical Antipsychotics
Alpha-2 agonists (clonidine and guanfacine)

Table 9.10  Medications to 
manage hyperactivity and 
ADHD in children and ado-
lescents with autism spectrum 
disorder
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(i.e., methylphenidate [MPH] and amphetamines) are the third most commonly 
used class of pharmacologic agents used in management of children with ASD 
and MPH has been the most commonly prescribed stimulant agent in this situation 
(Mandell et al. 2008).

MPH is a schedule II medication first introduced in 1957. Its beneficial effect 
on attention dysfunction is related to an increase in extracellular dopamine in the 
central nervous system (CNS) due to selective binding of the presynaptic dopamine 
transporter in the striatal and prefrontal areas of the CNS; there is also a blockade of 
the norepinephrine transporter in the CNS (Greydanus et al. 2003, 2007).

Stimulants are more effective in managing children with ADHD alone than when 
it presents in co-morbidity with ASD. Some studies noted that stimulants are not ef-
fective in children with ASD and some controversy exists in this regard (Kaplan and 
McCracken 2012). However, the NIMH RUPP ASD Network conducted the MPH 
RCT study in 195 patients aged 5–13 years with ASD who were placed on MPH 
(immediate release) (RUPP 2005b). Three MPH doses were studied: 0.15, 0.25 and 
0.5 mg/kg; reduction of hyperactivity and impulsiveness were noted in these chil-
dren on these doses that are lower than typically used for non-ASD children with 
ADHD (RUPP 2005b; Paykina and Greenhill 2008).

Side effects of stimulants are noted in Table 9.11 and in this RUPP study, 18 % 
had the MPH stopped because of irritability (RUPP 2005b). Table 9.12 notes con-
traindications to stimulants.

9.4.2  Atomoxetine

Atomoxetine is a non-stimulant medication that is a norepinephrine reuptake in-
hibitor without primary affects on dopamine levels. It was released in January 
of 2003 and is available as 10, 18, 25, 40 and 60 mg capsules. Atomoxetine is 
FDA-approved for children (6 years and up), adolescents, and adults with ADHD 
(Greydanus et al. 2003). Table 9.13 lists side effects of this medication. In 2005, 
the FDA issued a black box warning for atomoxetine regarding an increased risk 
for suicidal thinking in children and adolescents and asked that a Patient Medica-
tion Guide (MediGuide) be provided to patients prescribed this medication to alert 
consumers to this potential risk (Greydanus et al. 2003).Children and adolescents 
placed on this medication should be carefully observed for such features as agita-
tion, irritability, suicidal thinking or behaviors, and unusual changes in behavior 
especially during the initial few months of starting the drug or at times of dosage 
change (increase or decrease).

Atomoxetine has been infrequently researched with respect to children with ASD. 
In one study of 16 children aged 5 to 15 years who were treated with doses of 1.2 
to 1.4 mg/kg/day (not exceeding 100 mg/day) over 6 weeks, there was evidence of 
improvement in hyperactivity over placebo (Arnold et al. 2006). This study, though 
concluding the benefit was similar to that seen with MPH in the RUPP study, also 
allowed the addition of other psychotropics (RUPP 2005b; Arnold et al. 2006). In 
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a more recent study of 88 patients 6–17 years of age with ADHD and ASD placed 
on 1.2 mg/kg/day of atomoxetine for 20 weeks, there were significant reductions in 
inattention and hyperactivity-impulsivity; adverse events were described as mild, 
and included nausea as well as fatigue, and tended to lessen over time (Harfterkamp 
et al. 2013). Studies are increasingly demonstrating reduction in ADHD symptoms 
in children with ASD following treatment with atomoxetine (Eugene 2012).

Headachea

Abdominal paina

Jitterinessa

Irritability (including moodiness)a

Dizziness
Anorexiaa

Insomnia (delayed onset of sleep)a

Social withdrawala

Weight loss (due to decreased appetite)a

Nausea
Dry mouth
Constipation
Increase in heart rate, blood pressure and palpitations
“Unmasking” of Tourette’s syndrome
Appearance of being “dazed or drugged”; perseveration and 
withdrawal
Rebound phenomenon
Increased hyperactivity
Appearance of psychosis or psychotic features
Personality change
Tolerance
Skin rash (rare)
a Most Common

Overt sensitivity to these medications
Psychosis
Hyperthyroidism
Drug dependence
Uncontrolled hypertension
Symptomatic cardiovascular disease
Glaucoma
Concomitant use with monoamine oxidase inhibitors

Table 9.11  Potential side 
effects of Methylphenidatea

Table 9.12  Contraindica-
tions to stimulant use



186 D. E. Greydanus et al.

9.4.3  Alpha-2-Agonists

Clonidine and guanfacine are alpha2-adrenergic agonists that have been used off 
label for ADHD for years until recent slow release formulations of each agent (Kap-
vay and Intuniv) were approved by the FDA to treat ADHD (Kaplan 2012). While 
there are ample randomized controlled data showing the benefits of alpha2-agonists 
in ADHD management, research in those with ASD is more limited but encouraging 
(Jaselskis et al. 1992; Scahill et al. 2006). Table 9.14 notes potential side effects of 
alpha-2-agonists.

9.4.4  Atypical antipsychotics (AAs)

The limited research on the use of atypical antipsychotics in children with ASD 
suggests some atypicals (i.e., risperidone and aripiprazole) can result in significant 
reduction in hyperactivity in these patients (Owen et al. 2009; McCracken et al. 
2002). Atypical antipsychotics may be particularly useful in those with aggression 
and stimulant-resistant hyperactivity (Nazeer 2011).

9.5  Depression and Anxiety

Though clinicians often observe symptoms of dysphoria and anxiety in children 
and adolescents with ASD, there remains limited research in use of antidepressants 
and anxiolytics in these pediatric patients. Research evidence for the benefit of 

Anorexia
Constipation
Dizziness
Dry mouth
Dyspepsia
Emesis
Fatigue
Heightened pulse and blood pressure
Mood swings (FDA Black Box warning on increased suicidal 
thinking in children and adolescents)
Nausea up to several weeks
Sedation or insomnia
Sexual dysfunction
Voiding difficulty

Table 9.13  Side effects of 
atomoxetine
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pharmacology (i.e., SSRIs) in non-ASD pediatric patients with anxiety disorders in 
general is strong (Ipser et al. 2009). Research on adults with ASD has shown some 
benefit in reduction of anxiety from use of SSRIs (Fatemi et al. 1998; McDougle 
et al. 1996). Few studies in children and adolescents with ASD and anxiety have 
been done. Clinicians have little guidance in this population. Some are concerned 
with the potential of adverse effects from SSRIs in children with ASD that include 
increased hyperactivity, somatic complaints, and disinhibition (Fatemi et al. 1998; 
McDougle et al. 1996).

The benefits of antidepressants for depressed non-ASD patients is abundantly 
supported in the literature (Rush and Nirenmberg 2009). Recent safety concerns, 
however, led the FDA to mandate a black box warning regarding the appearance 
of suicidal ideas in children, adolescents, and young adults. This action fostered 
significant controversy (Kaplan 2013) as many were concerned about the risks 
of undertreatment. In addition to the dearth of research supporting the use of 
antidepressants in ASD (Williams et al. 2013), the potential for self-harm ide-
ation requires that clinicians carefully evaluate the risk/benefit ratio on a case 
by case basis.

Sedation (50 %)
Dry mouth
Headache
Attention impairment
Decreased glucose tolerance
Depression
Dermatitis (from the patch)
Dizziness
Dysphoria
Fatigue
Inconsistent effects
Irritability
Itchy eyes
Postural hypotension
Potentiation of neuroleptic anticholinergic side effects
Rebound Phenomenon
Tolerance
Weight gain
Withdrawal effects (rebound tachycardia and severe hyperten-
sion from sudden clonidine cessation)
Worsening of pre-existing cardiac arrhythmias

Table 9.14  Side effects of 
clonidine
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9.6  Potential Future Agents

When pharmacotherapy is initiated after failure of behavioral approaches, atypi-
cal antipsychotics are the current first-line pharmacologic agent for irritability 
and other bothersome symptoms of children and adolescents with ASD. These 
agents have limited effectiveness and severe side effect risks. For this reason, 
research is seeking medications with improved outcomes and improved safety 
(Politte and McDougle 2014). Novel lines of research, for example, are looking at 
the oxytocin system which is involved in social development in addition to agents 
that target cholinergic and glutamatergic receptors (Farmer et al. 2013; Tachibana 
et al. 2013; Anagnostou et al. 2012). Regarding depression, a recent trial of eleven 
adolescents with ASD using reboxetine (norepinephrine reuptake inhibitor) noted 
significant but modest reduction in depression and ADHD symptoms; ninety per-
cent reported what was described as tolerable adverse effects (Golubchik et al. 
2013).

Research is also reviewing the potential benefit of memantine and D-cycloserine 
for social impairment seen in ASD (Doyle and McDougle 2012). Memantine is the 
first in a new class of medications for Alzheimer’s disease that acts on the glutama-
tergic system with a mechanism that blocks NMDA-type (N-methyl D-aspartate) 
glutamate receptors (Hosenbocus and Chahai 2013). Cyclosporine is an antibiotic 
used to treat infection with Mycoplasma tuberculosis; it is a partial agonist of the 
neuronal NMDA receptor for glutamate. Another antibiotic, minocycline, is being 
studied for benefit in those with ASD, because it easily crosses the blood brain bar-
rier and has salutary effects on CNS neuroinflammation, microglial activation, and 
neuroprotection of diverse neurological conditions (Pardo et al. 2013).

Finally, a significant body of new findings in the pathophysiology of Fragile X 
Syndrome, a leading cause of autism, has resulted in the development of several 
promising candidates. Of interest are those affecting the gamma-aminobutyric acid 
(GABA) and glutamate pathways. Several receptor modulators have been identi-
fied among which are arbaclofen (GABA agonist), fenobam (mGluR5 antagonist) 
(Healy et al. 2011) and ganaxolone (GABA modulator) (Weblink #4 n. d.).

9.7  Conclusions

Though behavioral treatments are often the mainstay of management principles for 
children and adolescents with ASD, psychotropic therapy has become very com-
mon when psychosocial options fail. In a recent review of 2853 individuals with 
ASD aged 2 to 17 years, 27 % were taking one or more psychotropic medication 
(s); in this survey, 15 % were on one medication, 7.4 % were on two, and 4.5 % were 
taking three or more agents (Coury et al. 2012). Medications are mostly used to treat 
associated features such as sleep disorders, aggression, uncontrollable repetitive 
behaviors, depression, anxiety, and hyperactivity. The advantages of current agents 
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are limited by the significant risk of adverse effects. Therefore, more research is 
needed to identify the safest and most effective psychotropic medications in pediat-
ric and adult patients with ASD.
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Abstract Intervention for the core symptoms and comorbid conditions associated 
with autism spectrum disorder (ASD) primarily involves behavioral and/or cogni-
tive behavioral therapy. This chapter reviews the relevant research for the effective-
ness of these approaches across several areas. It begins with a review of the rapidly 
growing research focused on early intervention for young children with ASD. Next, 
interventions for persons on the severe end of the autism spectrum are discussed. 
Specifically, studies focus either on symptomatic treatment (e.g., increasing social 
skills) or on packages of treatments that are designed to address the range of difficul-
ties persons with ASD display. The chapter then describes the nascent research on 
persons on the milder end of the spectrum—especially work on social skills train-
ing. Finally, a growing research base on treating comorbid conditions (e.g., anxiety, 
sleep problems) is also briefly reviewed. A theme throughout the chapter is the need 
to individualize treatment and the special needs of the range of persons with ASD.

Keywords Autism spectrum disorder · Treatment · Comorbid conditions · Early 
behavioral intervention · Treatment packages

10.1  Behavioral Therapies

Persons with autism spectrum disorder (ASD) present with a unique array of chal-
lenges as well as strengths (Amaral et al. 2011). The therapeutic focus initially 
emphasizes interventions for the core problems surrounding social interactions and 
relationships as well as the difficulties that arise due to their restricted and repeti-
tive patterns of behavior, interests, and activities (American Psychiatric Association 
2013). In addition, common comorbid problems such as anxiety, depression, sleep 
disorders, and difficulties with executive functioning further complicate efforts to 
assist these individuals with becoming more independent. A number of behavioral 
and cognitive-behavioral approaches exist to treat these conditions (Durand 2014a). 
This chapter reviews the extant evidence base for these treatments. However, first 
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discussed will be the range of presentations of ASD and the social nature of this 
disorder since this guides treatment development, implementation and outcomes.

10.2  The Range and Nature of ASD

DSM-5 significantly (and somewhat controversially) reorganized how ASD is diag-
nosed by combining previously separate disorders (i.e., autistic disorder, Asperger’s 
disorder, childhood disintegrative disorder, and pervasive developmental disorder—
not otherwise specified) under a single diagnostic entity (American Psychiatric As-
sociation 2013; Lord and Jones 2012; Skuse 2012). Full discussion of the rationale 
for this change and the scientific and political implications is beyond the scope of 
this chapter. However, it is important to highlight that a diagnosis of ASD by itself 
has poor predictive and treatment validity. In other words, the range of functioning 
of persons with ASD and the developmental trajectories of the disorder are quite 
diverse (e.g., Fein et al. 2013; Lord et al. 2012) and therefore requires a compre-
hensive assessment of strengths and needs for each person affected (Steiner et al. 
2012). The addition of three levels of severity included in the DSM-5 diagnosis of 
ASD (Level 1—“Requiring support,” Level 2—“Requiring substantial support,” 
and “Level 3—“Requiring very substantial support”) attempts to highlight these 
differences (American Psychiatric Association 2013), however their somewhat sub-
jective nature and limited specificity provide only partial assistance for treatment 
design. This chapter adopts the convention of referring to persons with “mild” ASD 
and “severe” ASD (Durand 2014a). This division maps roughly onto the previous 
distinction between persons who are able to converse with others but demonstrate 
difficulties with pragmatics (previously diagnosed with Asperger’s disorder) and 
those individuals who have severe language and communication problems (previ-
ously diagnosed with autistic disorder, childhood disintegrative disorder or perva-
sive developmental disorder—not otherwise specified). Although it is recognized 
that persons with ASD manifest a broad spectrum of challenges, research on treat-
ment typically focuses separately on these two distinct groups.

In addition to the range of symptoms influencing treatment choice and outcome, 
the nature of ASD directly impacts treatment design. Specifically, the disruption in 
typical social motivation displayed by persons with ASD provides interventionists 
with unique challenges. Those with ASD either lack interest in others or are im-
paired in their ability to navigate social interactions (Dawson 2008; Mundy 2011). 
Therefore, unlike those with other disorders where the motivation to enter into treat-
ment is usually some combination of the desire to reduce personal distress and the 
wish to please significant others (Barlow and Durand 2014), this is often not the 
case among persons with ASD. At the more severe end of the autism spectrum, 
the lack of social motivation to participate in treatment is typically supplemented 
by more extrinsic motivation (e.g., the use of non-social reinforcers). Those on the 
mild end of this spectrum will sometimes express distress over either their social 
difficulties alone (e.g., not being able to make and keep friendships) or comorbid 
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difficulties that may be the result of these social problems (e.g., anxiety, depres-
sion). However, difficulties such as in impairments with theory of mind (i.e., not 
being able to “read” and understand what others might be thinking or feeling) com-
plicates the ability to apply standard approaches to intervention. As a result, social 
skills training programs as well as cognitive-behavioral treatments for comorbid 
problems need to be significantly adapted for this group (Durand 2014a).

10.3  Early Developmental/Behavioral Intervention

Early intervention approaches are receiving increased attention, especially as the 
ability to diagnosis children with ASD improves to the point where it may be pos-
sible to identify these children as early as 6 months of age (e.g., Elsabbagh et al. 
2012; Kim and Lord 2012; Veness et al. 2012). One of the first large scale studies re-
ported on the effects of using intensive intervention using techniques from applied 
behavior analysis with very young children with ASD (younger than 3 1/2 years 
of age) (Lovaas 1987). This intervention—now referred to as Early and Intensive 
Behavioral Intervention (EIBI)—involved 40 h per week of educational efforts over 
the course of two years. During the first year, the focus of treatment was to reduce 
repetitive behaviors, teach the children to speak in words, increase compliance on 
tasks and imitate adults as well as establishing the beginnings of appropriate toy 
play. The second year involved teaching targeted expressive and early abstract lan-
guage and interactive play with peers and was extended into the community to teach 
children to function within a preschool setting. In that study, it was suggested that 
almost half of the children "recovered" from their ASD—meaning that several years 
later teachers could not tell them apart from their students without ASD. Although 
criticized on methodological grounds, that study led the way for a growing database 
that points to the value of early and intensive intervention for some children with 
ASD (Peters-Scheffer et al. 2011; Reichow and Wolery 2009; Strain and Bovey 
2011; Warren et al. 2011).

Reviews of successful early intensive behavioral intervention programs suggest 
a number of common features in each program including; (1) comprehensive curric-
ulum focusing on imitation, language, toy play, social interaction, motor, and adap-
tive behavior, (2) sensitivity to developmental sequence, (3) supportive, empirically 
validated teaching strategies (applied behavior analysis), (4) behavioral strategies 
for reducing interfering behaviors, (5) involvement of parents, (6) gradual transi-
tion to more naturalistic environments, (7) highly trained staff, (8) supervisory and 
review mechanisms, (9) intensive delivery of treatment (25 h per week for at least 2 
years), and (10) initiation by 2–4 years of age (Dawson and Osterling 1997; Green 
et al. 2002; National Research Council 2001). More recent work that blends natu-
ralistic and developmentally-driven behavioral interventions suggests that some of 
these suggestions (such as the intensity of training) may need to be revised (e.g., 
Dawson et al. 2010; Strain and Bovey 2011).
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Researchers are now examining the characteristics of children (for example, lan-
guage ability, IQ) that may predict the best treatment outcomes. In addition, some 
emerging important work suggests that early behavioral intervention may alter the 
functioning of the developing brain in these children to be comparable to typically 
developing children (Dawson et al. 2012; Voos et al. 2013). For example, Dawson 
et al. (2012) assessed brain activity to objects versus faces in young children with 
ASD (age 48–77 months) both before and after involvement in a developmental 
behavioral intervention (the Early Start Denver Model [ESDM]) and compared 
their responses to a community based control group. Their main finding was greater 
cortical activation while viewing social stimuli (faces) among the ESDM treatment 
group and they also noted that this finding was associated with improved social be-
havior. As discussed later in the chapter, this type of intervention may help improve 
social motivation at a critical developmental period and may assist with learning an 
array of social skills. Overall, the treatment progress in areas such as language, cog-
nitive abilities, and adaptive behavior seems to greatly improve for many children 
with ASD if intensive behavioral intervention is implemented early in life and with 
fidelity (Dawson and Burner 2011; Strain and Bovey 2011). These changes appear 
quite robust, and for many children appear to be maintained years after initial inter-
vention (e.g., Kasari et al. 2012a).

Described next is the research on treatment for the problems displayed by older 
children and adults on the more severe end of the autism spectrum, followed by 
work with individuals on the less severe end of this spectrum. Treatment typically 
begins with teaching social and communication skills (Goldstein 2002; Kasari and 
Locke 2011; National Research Council 2001) and implementing interventions for 
disruptive or destructive behaviors (e.g., tantrums, aggression, self-injury) (Durand 
2012). The goals of treatment are to increase the individual’s ability to be more in-
dependent and improve the overall quality of life (Myers and Johnson 2007).

10.4  Social Communication Intervention for Severe ASD

Behavioral research targeting social communication skills in persons with more se-
vere ASD dates back to the early 1960’s. At that time problems with social com-
munication were viewed primarily as skill deficits. In other words, it was thought 
that individuals with ASD did not appropriately interact with others because, for 
reasons as yet unknown, they did not learn the necessary skills. Remediation, 
therefore, would involve using behavioral interventions to teach these new skills 
(Hewett 1965; Lovaas and Smith 1989). Intervention approaches typically involve 
techniques developed from applied behavior analysis (ABA), which uses principles 
of learning theory to encourage new behaviors by manipulating antecedents and 
consequences (Matson et al. 2012; Smith 2001). Some of the earliest efforts in this 
area were documented by Ivar Lovaas and his colleagues at UCLA. For example, 
they used the basic behavioral procedures of shaping and discrimination training to 
teach nonspeaking children with ASD to imitate others verbally (Lovaas et al. 1966). 
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Once children could imitate, teaching speech became easier, and progress was made 
in teaching some of these children to use labels, plurals, sentences, and other more 
complex forms of language (Lovaas 1987). Initially these treatments were delivered 
primarily in highly structured settings with adult directed activities and artificial 
consequences (referred to as discrete trial training) (McEachin and Leaf 1999; Smith 
2001). Recent modifications allow for a more naturalistic and developmentally 
driven context, with behaviors taught in typical settings, child directed activities 
and natural consequences. Growing evidence supports this approach for improving 
generalization and maintenance of learned skills (Schreibman and Ingersoll 2011).

Despite some successful outcomes using behavioral interventions to teach com-
munication skills there are limitations with this approach. First, many children with 
ASD are not able to benefit from this training such that they gain functional speech 
skills (Carr 1979; Howlin 1981). Second, for those who do acquire speech it is often 
limited to speech that would lead to non-social outcomes (e.g., asking for soda). 
Socially oriented speech (e.g., saying “Hello” to another person) is less likely to 
be produced (Koegel et al. 2011; Wetherby and Prutting 1984). This observation is 
related to the limited interest in social interactions by this population. For example, 
the skills needed to engage in a social exchange (e.g., saying “Hi! How are you?”) 
are unlikely to be maintained given that the outcome is an increase in social at-
tention from another person—a consequence that may not be reinforcing to many 
persons with severe ASD.

Currently, initial efforts with young children focuses on improving social moti-
vation by teaching imaginative play and joint or shared attention (defined as “spon-
taneous seeking to share experience, enjoyment, interests, or achievements with 
other people” Mundy 2011, p. 151). These skills are characteristically absent or 
impaired in young children with ASD and are seen as pivotal prerequisites neces-
sary for later development of important social, communicative and cognitive skills 
(Charman et al. 1997; Koegel et al. 2001; Poon et al. 2012). For example, longitu-
dinal research suggests that deficits in joint attention predict language delays years 
later (Mundy et al. 1990; Stone and Yoder 2001; Thurm et al. 2007). The neuro-
biology of these skills is just beginning to be explored. One study of adults with 
ASD, for example, found an atypical pattern of brain activation (including in the 
dorsal medial prefrontal cortex (dMPFC) and right posterior superior temporal sul-
cus (pSTS)) in these adults during a joint attention task as compared to neurotypical 
adults during the same activity (Redcay et al. 2013).

A number of studies now show that many young children with ASD can be 
taught these skills through naturalistic behavioral approaches (Kasari et al. 2012b; 
Lawton and Kasari 2012; Wong and Kasari 2012). In one study, 58 3–4 year olds 
with ASD received either joint attention intervention, symbolic play intervention or 
were in control group (Kasari et al. 2006). Intervention involved a combination of 
behavioral (e.g., prompting behaviors, reinforcement) and naturalistic procedures 
(e.g., using child interests to create learning opportunities) to encourage either joint 
attention or symbolic play. Sessions were conducted 30 min daily for 5–6 weeks. 
The results demonstrated the success of this limited intervention in improving these 
skills in young children with ASD (Kasari et al. 2006). Importantly, a follow-up of 
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these children demonstrated that their improved ability to engage in joint attention 
and symbolic play predicted their spoken language ability 5 years after the initial 
training (Kasari et al. 2012a). This finding is significant since having functional 
spoken language at age 5 is highly predictive of positive social and cognitive out-
comes (Billstedt et al. 2005; DeMyer et al. 1973; Venter et al. 1992).

Although it is premature to say definitively why teaching joint attention and 
related skills improves later speech, it may be helpful to consider the distinction 
between viewing social communication problems as a skill deficit alone and con-
sidering these difficulties also as a problem of social motivation. By teaching joint 
attention and play skills to young children with ASD, its value may lie in pairing 
activities the child enjoys with the presence of and interaction with others (Mundy 
and Gomes 1998). If other people are viewed as positive, engaging in social interac-
tions will result in desirable outcomes, encouraging more engagement with others 
(Dawson 2008; Koegel et al. 2011; Stavropoulos and Carver 2013). Increased social 
motivation may be the mediating factor in the role of improved joint attention lead-
ing to improved social communication skills (Paul et al. 2013).

Intervention for the communicative skills of older individuals with limited abili-
ties focuses on teaching either spoken language or the use of augmentative com-
munication strategies (e.g., pointing to a picture, using vocal output devices) (Ganz 
et al. 2012; Odom et al. 2010b; Prelock et al. 2011). Using graphic symbols (e.g., 
pictures of desired items or activities) to encourage communication has an emerg-
ing research base and are employed as visual aids for monitoring school and home 
schedules (e.g., visual supports); additionally graphic symbols assist students to 
make choices (e.g., pointing to one of a series of activity options), and to engage 
in general expressive communication (Wegner 2012). A variation of this approach 
teaches students to select one or more pictures/words and hand them to another 
person—called the picture exchange communication system (PECS) (Bondy and 
Frost 1994; Tincani and Devis 2011). The potential advantage of this approach is 
that the student can initiate communication with someone even if the other person’s 
attention is focused elsewhere.

A related approach uses speech generating devices (SGDs) to assist non-verbal 
students to communicate with others (Ganz et al. 2012). A variety of devices are 
available that can be programmed to generate human speech when a picture or word 
is pressed by the student (e.g., “Help me.”). These devices have both the advantage 
of being able to catch the attention of others as well as being understood by anyone. 
With advancing technologies and available software that can be used to easily pro-
gram these devices (e.g., tablet computers), their use is increasing. Some research 
suggests that students with ASD may have idiosyncratic preferences for one system 
over another (e.g., PECS versus SGDs) (van der Meer et al. 2012), and therefore the 
selection of any of these non-speech approaches to teaching social communication 
should in part be guided by student choice.

In addition to relying on teachers to instruct students on these new communica-
tion skills, some work points to advantages for peer-mediated strategies (using same 
age typically developing peers as tutors or models) (Kasari et al. 2012b; Kashinath 
2012; Locke et al. 2012) as well as employing parents and siblings as instructors, as 
well (Dawson and Burner 2011).
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Many approaches to teaching social skills use a variety of techniques that ex-
ploit the tendency of persons with ASD to learn skills better through visual rath-
er than verbal cues. For example, variations of video modeling (including video 
self-modeling) show students with ASD how to behave and interact in a variety of 
social communication situations (Bellini and Akullian 2007; Buggey 2012; Char-
lop-Christy et al. 2000; Nikopoulos and Keenan 2004). Visually-based stories that 
students can use as cues in social situations (called social narratives) are often use-
ful when teaching appropriate behavior in these scenarios (e.g., how to wait in line 
in the cafeteria) (Odom et al. 2010b; Test et al. 2011). It has only been relatively 
recently that this work has been subjected to rigorous testing through larger N stud-
ies and randomized clinical trials and evaluated with meta-analyses. More work is 
needed to identify factors related to better outcomes when teaching social commu-
nication skills (e.g., presence of comorbid intellectual disability) (Hume and Odom 
2011; Maglione et al. 2012; National Professional Development Center on Autism 
Spectrum Disorders 2011).

10.5  Intervention for Challenging Behavior for Severe 
ASD

In addition to the social communication and interaction difficulties characteristic 
of persons with ASD, they also display behaviors that are relatively rigid and/or 
unusual (Leekam et al. 2011). The repetitive behaviors of those with severe ASD 
such as stereotyped movements, repetitive manipulation of objects and some self-
injurious behaviors still remain a challenge for intervention efforts and the data base 
for effective interventions remains limited (Boyd et al. 2012). The reason these be-
haviors may be more intractable is that they may involve internal processes related 
to sensory activities. There is research suggesting that some of these repetitive be-
haviors may later be used by these individuals to manipulate their environment (Du-
rand and Carr 1987), thus serving a social communicative function (Durand 1990).

A significant evidence base exists for the treatment of challenging behaviors such 
as aggression, self-injury and other disruptive outbursts which are more frequent 
among persons with severe ASD (Carr 2011). As with interventions for social com-
municative behaviors, interventions for challenging behavior rely mainly on tech-
niques derived from applied behavior analysis. The general strategy involves assess-
ing the function of the behavior (called functional behavior assessment) (Beavers 
et al. 2013; Loman and Horner 2013) and using a variety of techniques to support ap-
propriate behavior and teach alternative behaviors (Durand 2012; Vismara and Rog-
ers 2010). In one randomized clinical trial, parents of children with developmental 
disabilities including ASD were taught how to; (1) assess the function of their child’s 
severe behavior problem (including aggression, tantrums and self-injury), (2) plan for 
emergency situations, (3) appropriately use consequences (e.g., praise) and, (4) teach 
their child alternative responses that serve the same function as the challenging be-
havior [called functional communication training; Durand 1990, 2012; Durand et al. 
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2013]. This clinic-based intervention demonstrated that parents could successfully 
intervene with their child’s severe behavior problems and reduce them in a mean-
ingful way at home and in the community. A large number of small N studies and a 
growing number of larger demonstrations document the success of these procedures 
to significantly improve challenging behavior in multiple settings and across a variety 
of behavioral topographies (Carr 2011; Durand 2012; Vismara and Rogers 2010).

10.6  Comprehensive Intervention Programs

There are numerous comprehensive treatment programs being used with those hav-
ing severe ASD and they typically are implemented either in schools or in special 
clinical settings (Howlin et al. 2009; Maglione et al. 2012; Odom et al. 2010a; 
Peters-Scheffer et al. 2011; Reichow and Wolery 2009; Rogers and Vismara 2008). 
Most of these programs also integrate parents or other caregivers into the program 
in order to extend teaching into the home and in the community. There is a general 
consensus that for treatment to be optimally successful it should be carried out for a 
minimum of 25 h per week and across all 12 months of the year (National Research 
Council 2001). This is just a general guideline and the specific interventions and 
their level of intensity are determined individually according to the needs of the 
person (Wilczynski et al. 2012).

The comprehensive programs with some empirical support can be broadly di-
vided into three categories; (1) behavioral programs using applied behavior analy-
sis techniques, (2) behavioral programs that integrate developmental considerations 
to guide treatment targets and (3) programs that have a relationship-based focus 
(Howlin et al. 2009; Maglione et al. 2012; Odom et al. 2010a; Reichow and Wolery 
2009). In their review of 30 comprehensive program models, Odom and colleagues 
evaluated these models based on several criteria including thorough documenta-
tion of their procedures, data on the fidelity of implementation, outcome data and 
whether or not there were independent replications of the program (Odom et al. 
2010a). Overall they found that most of the models had little evidence for their ef-
ficacy, and for those with published outcome data, most of the studies rated low on 
the quality of their data. It is important to note that research evaluating techniques 
and programs for students with ASD is evolving rapidly and several of these pro-
grams are currently being studied in recent and ongoing randomized clinical trials 
(e.g., Dawson et al. 2010).

10.7  Social Communication Intervention for Mild ASD

Individuals with mild ASD do not have the cognitive delays and communication 
skills difficulties often found in persons with severe ASD, and can—with support—
perform well academically in school. However, their social difficulties and common 
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comorbid problems (e.g., ADHD, anxiety) complicate their interactions with peers 
and teachers and can lead to disruptive behavior problems. A number of different 
behaviorally-based programs exist to assist school-aged children with mild ASD 
improve skills such as appropriate social interaction, problem-solving, self-control, 
recognizing emotions in others, expanding their often narrow range of interests, 
and improving their understanding of non-literal idioms (e.g., understanding that 
the phrase “You are pulling my leg.” is not meant literally) (Karkhaneh et al. 2010; 
Koning et al. 2013; Laugeson et al. 2012; Rao et al. 2008).

Although this research base is emerging, one RCT used a comprehensive pack-
age to improve social skills in this population (Thomeer et al. 2012). This program 
used a 5 week summer camp for intensive work on a variety of social skills includ-
ing social interactions, face-emotion recognition, interest expansion, and interpreta-
tion of non-literal language. A total of 17 children ranging in age from 7 to 12 years 
were randomly assigned to the treatment condition in groups with one staff member 
for every two children. Five 70 min treatment sessions were conducted each day, 5 
days per week. The sessions focused on a target skill and adapted the social skills 
curriculum called Skillstreaming (A. P. Goldstein and McGinnis 1997). They found 
significant improvements in measures of knowledge of target social skills and un-
derstanding of idioms. On the other hand, there was not a significant improvement 
in facial-emotion recognition (Thomeer et al. 2012). Other programs specifically 
teach children how to make and maintain quality friendships (e.g., the Program for 
the Evaluation and Enrichment of Relational Skills—PEERS; Laugeson et al. 2012; 
Laugeson et al. 2009). As yet, the literature in this area remains in a nascent state 
and awaits more evidence for the effectiveness for these types of programs to make 
meaningful changes in the lives of persons with mild ASD.

Although techniques used to teach social skills to individuals with mild ASD 
can be successful in improving their abilities to interact with others, it is important 
to return to their difficulties with empathy and “mind reading.” Although they may 
be able to learn specific skills (for example, how to approach a stranger and ask for 
assistance, or not to stand too close to someone and how to make appropriate eye 
contact) there still remains the limitations in their abilities to feel and anticipate the 
emotions of others. This difficulty clearly puts them at a distinct disadvantage when 
trying to read the expressions and body language of those with whom they are try-
ing to engage. Teaching social skills is difficult enough even among those without 
ASD. The addition of the difficulty in reciprocal social exchange adds an additional 
level of challenge (Durand 2014a).

10.8  Comorbid Conditions

In addition to the core symptoms of the disorder, a number of other difficulties are 
frequently found among persons with ASD; including ADHD, anxiety, depression, 
and sleep difficulties. It is estimated that approximately 70 % of children with ASD 
have another diagnosable psychiatric disorder and that 40 % meet the diagnostic 
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criteria for two or more other disorders (Simonoff et al. 2008). Unfortunately, for 
most of these disorders there is relatively little empirical evidence for effective 
treatment.

Behavioral treatment for the symptoms of ADHD observed in approximately 
28 % of children with ASD parallel that of classroom and home intervention for 
children with ADHD (Pfiffner et al. 2011; Volpe et al. 2012). Functional behavioral 
assessments are conducted to assess the functions of behavioral problems, alterna-
tive behaviors are encouraged (e.g., teaching a child to request assistance rather 
than getting out of his/her seat or having tantrums) and reinforcement programs are 
put in place to encourage improved behavior at home and at school.

Symptoms of anxiety are commonly reported among approximately 50 –80 % 
of persons with ASD (de Bruin et al. 2007; Leyfer et al. 2006; White et al. 2009). 
Treatments for these problems with anxiety emulate work with persons not hav-
ing ASD (cognitive behavior therapy—CBT) (Szatmari and McConnell 2011). For 
example, one randomized clinical trial evaluated a modified CBT protocol on the 
anxiety symptoms of 20 children with mild ASD and approximately 50 % of the 
children who participated in the group treatment program had clinically significant 
reductions in anxiety (Reaven et al. 2012). More work is needed to determine what 
treatments will be effective for the range of individuals with ASD and anxiety.

Feelings of depression are commonly reported by persons with mild ASD, with 
rates approximating 25–34 % (Ghaziuddin et al. 2002; Mayes et al. 2011). Although 
there is some indication that teaching social skills may improve self-image and 
self-reported feelings of depression (e.g., Hedley and Young 2006), there is not yet 
a body of work pointing to established treatments in this area.

Perhaps the most extensive body of research on a comorbid disorder exists for 
problems surrounding sleep (Durand 2014b). Sleep problems are highly prevalent, 
with the reported range from 50–80 % of children with ASD (Couturier et al. 2005; 
Krakowiak et al. 2008; Richdale and Schreck 2009). Until recently, research on the 
treatment of sleep problems in persons with ASD mainly included small N studies 
using single subject designs (Schreck 2001; Vriend et al. 2011). The treatments that 
appear most successful include variations of extinction, adjusting sleep schedules, 
sleep restriction and scheduled awakening (Durand 2014b). Newer work employ-
ing larger Ns and RCTs is confirming the potential positive outcomes that can be 
achieved with these treatments (e.g., Malow et al. 2014).

Overall, the research on the treatment of comorbid conditions among persons 
with ASD is in its infancy and awaits greater attention to these problems.

10.9  Conclusions

Clearly, the best outcomes to date for persons with ASD are being achieved through 
early behavioral/developmental intervention for very young children (Peters-Schef-
fer et al. 2011; Reichow and Wolery 2009; Warren et al. 2011). Especially encourag-
ing is the potential for lasting change being observed in brain functioning following 
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this type of treatment (e.g., Dawson et al. 2012). Symptomatic treatment for older 
children and adult persons with both severe and mild forms of ASD suggests that 
important strides are being made in promoting social communication skills and de-
creasing challenging behavior, although long-term studies are needed to determine 
how these improvements translate into improved quality of life and independence 
(Durand 2014a). Finally, an emerging data base is being created to assist with im-
portant comorbid conditions. Overall, the prognosis for persons with ASD has im-
proved over the last decade with our increasing knowledge about how to best sup-
port and intervene with these individuals.
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Abstract In this chapter we present data from two mutant mouse strains (lurcher 
and Fmr1) that share in common with patients diagnosed with an autism spectrum 
disorder, the characteristic of developmental cerebellar neuropathology involving 
Purkinje cells. Evidence is presented indicating that Purkinje cell number has a 
profound influence on behaviors that are commonly disrupted in autism spectrum 
disorders including hyperactivity, increased repetitive behavior, and deficits in 
executive function. Additional experiments are presented which indicate that these 
behavioral deficits stem from developmental loss of cerebellar output that occurs 
as a function of Purkinje cell loss. Loss or dysregulation of Purkinje cell output 
to the deep cerebellar nuclei such as the cerebellar dentate nucleus in turn results 
in alterations in the functionality of cerebellar projections via the thalamus and 
ventral tegmental area to the medial prefrontal cortex (mPFC). This loss of func-
tionality prominently includes reductions in cerebellar-mediated mPFC dopamine 
release. The reduction in mPFC dopamine release is likely caused by coincident 
reductions in glutamate available for release from cerebellar projections to the thal-
amus and ventral tegmental area (VTA). This loss of functionality also includes a 
shift in the balance of influence of the cerebellum on the mPFC, away from the cer-
ebellar circuitry projecting to the ventral tegmental area, towards cerebellar projec-
tions to the thalamus. All of these changes consistently occurred in both lurcher and 
Fmr1 mutant mice. In addition to modulating mPFC dopamine, the possibility that 
the cerebellum may also influence dopamine dynamics in the caudate and nucleus 
accumbens is also considered.

Keywords Autism spectrum disorders · Cerebellum · Prefrontal cortex · Dopamine 
· Fragile X mice · Lurcher mice · Amperometry · Dentate nucleus · Thalamus · 
Ventral tegmental area
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11.1  Autism Spectrum Disorders

Autism spectrum disorders (ASD) are a group of neurodevelopmental disorders 
that have traditionally included autism, Asperger’s syndrome, Rett syndrome, child-
hood disintegrative disorder, and pervasive developmental disorder not otherwise 
specified (American Psychiatric Association 2000). With the arrival of the DSM-5, 
Asperger’s syndrome, pervasive developmental disorder and childhood disintegra-
tive disorder have been consolidated into the overarching category of ASD, while 
Rett syndrome has been removed from the diagnostic manual (Lauritsen 2013). Dis-
orders within the ASD spectrum are characterized by deficits in social skills and 
communication, stereotyped and repetitive behavior, and a range of cognitive func-
tion deficits that are diagnosed on average by 4.8 years of life, although symptoms 
suggestive of autism have been observed as early as 6 months of age (Rogers and 
Dilalla 1990; American Psychiatric Association 2000; Centers for Disease Control 
2007; Ozonoff et al. 2010; Elsabbagh et al. 2012; Wolff et al. 2012). Deficits in cog-
nitive function most commonly observed in ASD patients include impairments in 
memory and attention as well as in executive function including planning, cognitive 
flexibility, rule acquisition, and abstract thinking (Ozonoff et al. 2007).

In addition to cognitive deficits, individuals with autism commonly exhibit mo-
tor deficits (reviewed in Gowen and Hamilton 2013) which begin in infancy (Brian 
et al. 2008; Provost et al. 2007) and continue through adolescence and into adult-
hood (Fournier et al. 2010; Van Waelvelde et al. 2010). Motor appear to be relative-
ly prevalent in this patient group, having been observed in 21–100 % of individuals 
with autism, depending on the sample (Ghaziuddin et al. 1994; Green et al. 2002; 
Manjiviona and Prior 1995; Miyahara et al. 1997; Pan et al. 2009). Individuals with 
autism exhibit both gross and fine motor deficits including slow and repetitive hand 
and foot movements (Dowell et al. 2009), slow and inaccurate manual dexterity 
(Green et al. 2002), unstable balance (Freitag et al. 2007), and impaired gait (Jan-
siewicz et al. 2006). Interestingly, motor and cognitive deficits appear to be related 
in autism. Specifically, better motor skills predict better daily living skills (Jasmin 
et al. 2009) and deficits in motor control predict increased severity of autistic symp-
toms in adulthood (Sutera et al. 2007).

It should also be noted that individuals diagnosed with ASD also exhibit im-
pairments in reward processing (reviewed in Dichter and Adolphs 2012). Learning 
studies indicate that this deficit appears to be specific to social as opposed to non-
social rewards. For example, Lin et al. (2012) compared performance of individu-
als with and without autism on an instrumental reward learning task in which the 
reward was social (pictures of positive and negative faces) or non-social (winning 
or losing money). Individuals with autism exhibited a specific behavioral insensi-
tivity to social rewards. In addition to learning studies, autonomic response studies 
also indicate that individuals with autism are impaired in social reward processing. 
For example, Sepeta et al. (2012) examined the pupillary response in children with 
and without autism and found that, in comparison to controls, children with autism 
exhibited decreased pupillary diameter when looking at happy faces. These authors 
interpreted these differential findings as indicative of reduced sensitivity to reward 
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value of social stimuli in children with autism. Gaze orientation studies in which 
children with autism fail to orient to naturally occurring social stimuli also pro-
vide evidence of impaired social reward processing in autism (Dawson et al. 1998; 
Klin et al. 2009). Neuroimaging studies indicate that differences in reward circuitry 
likely underlie the observed differential performance of controls and children with 
autism on behavioral tasks (Dichter et al. 2012a, b).

11.2  Cerebellar Modulation of the mPFC

As many of the cognitive deficits observed in ASD have been found to be related to 
frontal cortical function (see Clark et al. 2004; Dalley et al. 2004; Robbins 2005) and 
as autistic children exhibit low mPFC dopaminergic activity compared to age and 
gender matched controls when measured by positron emission tomography (Ernst 
et al. 1997), we began by exploring the hypothesis that disruption of cerebellar-
mPFC projections could lead to a dysregulation of dopaminergic-mediated activity 
in mPFC, and thereby cortically-mediated behaviors. This hypothesis came about 
because cerebellar hypoplasia and reduced cerebellar Purkinje cell numbers are the 
most consistent neuropathologies linked to ASD (Bauman 1991; Courchesne et al. 
1988, 1994; Courchesne 1997; Palmen et al. 2004; DiCicco-Bloom et al. 2006; 
Bolduc et al. 2011). Patients have numerous microanatomic abnormalities in the 
cerebellum (Bailey et al. 1998; Bauman and Kemper 2005; Vargas et al. 2005; 
Whitney et al. 2008, 2009; Fatemi et al. 2012) and smaller cerebellar vermal vol-
ume (Webb et al. 2009). Quantitative MRI of autistic children revealed structural 
abnormalities in the frontal lobe the extent of which correlated with the degree of 
cerebellar abnormality (Carper and Courchesne 2005).

In our initial studies we used lurcher mutant and wildtype (control) mice (gene 
symbol: Lc/+ and +/+, respectively). Lurcher mice were specifically selected be-
cause they lose all cerebellar Purkinje cells between the 2nd and 4th weeks of life 
(Wetts and Herrup 1982); a time that is analogous to the loss of cells in autistic 
individuals (Pickett and London 2005). The lurcher gene codes for the δ2-glutamate 
receptor that is expressed in cerebellar Purkinje cells (Wetts and Herrup 1982; Zuo 
et al. 1997). To determine if loss of cerebellar Purkinje cells affected functioning in 
the mPFC we used in vivo fixed potential amperometry to monitor evoked mPFC 
dopamine release (efflux) following electrical stimulation of the cerebellar Purkinje 
cell layer (PCL) and one of the deep cerebellar nuclei in receipt of Purkinje cell 
outflow, the dentate nucleus (DN).

Mice were anesthetized with urethane (1.5 g/kg, i.p.) and placed in a stereotaxic 
frame. Body temperature was maintained at 37 ± 0.5 °C with a temperature-regulat-
ed heating pad. Three holes were drilled through the animal’s skull for an Ag/AgCl 
reference/auxiliary electrode (positioned at the surface of the cortex), a concentric 
bipolar stimulating electrode (125 μm outer and 25 μm inner pole diam.), and a 
dopamine recording electrode (carbon fiber 10 μm o.d. 250 μm length; Forster and 
Blaha 2003; Lee et al. 2006). A stimulating electrode (tip) was positioned in the 
PCL and in the cerebellar DN, contralateral to the dopamine recording electrode 



216 G. Mittleman and C. D. Blaha

positioned in the mPFC. Following implantation of all electrodes, a fixed positive 
potential (+ 0.8 V) was applied to the recording electrode and oxidation current 
monitored continuously (10K samples/sec) with an electrometer, filtered at 10 Hz 
low pass. Electrical stimulation of the PCL or DN (counterbalanced within individ-
ual +/+ and Lc/+ mice) consisted of 50 Hz trains of 25 cathodic monophasic pulses 
(200 µA intensity, 0.5 ms pulse duration) applied every 30 s over a 6 min period via 
an optical stimulus isolator and programmable pulse generator.

Figure 11.1 shows the results of this experiment (Mittleman et al. 2008). As 
expected, due to the developmental loss of Purkinje cells in Lc/+ mice, electrical 
stimulation of the PCL failed to evoke an increase in mPFC oxidation current. In 
comparison, stimulation of the PCL in +/+ mice evoked a significant increase in 
mPFC oxidation current that peaked within 0.4 s of stimulation and slowly de-
clined thereafter to pre-stimulation levels within 11–12 s. Stimulation of the DN 
also resulted in significant genotype-related differences in that +/+ mice showed 
a much larger increase in mPFC dopamine oxidation current than Lc/+ animals. 
These results clearly indicated that functional Purkinje cell output through the DN 
exerts a modulatory influence on mPFC dopamine release and that this modulatory 
influence is lost or degraded by developmental loss of Purkinje cells.

11.3  Cerebellar-Cortical Pathways

On the basis of our initial neurochemical studies (Mittleman et al. 2008), we identi-
fied two potential neuronal circuits originating in the DN by which Purkinje cell 
activity in the cerebellum may modulate dopamine release in the mPFC (Fig. 11.2). 

Fig. 11.1  Electrical stimulation ( black bar, 25 pulses at 50 Hz, 200 µA) of the a) Purkinje cell 
layer ( PCL) or b) dentate nucleus ( DN) evokes a long lasting increase in medial prefrontal cortex 
dopamine oxidation current ( corresponding to release) of wildtype (+/+) mice; an effect that is 
absent and markedly attenuated, respectively, in PCL and DN stimulated lurcher(Lc/+) mice. In 
(a and b) the thick black lines and outer thin black lines are the mean ± SEM, respectively ( n = 6 
and 10 for PCL and DN stimulation in +/+ mice, respectively, n = 10 and 10 for Lc/+ mice, respec-
tively). * indicates significant difference from 0.5 to 12 s between +/+ and Lc/+ mice following 
PCL stimulation and significant difference from 0.5 to 5 s between +/+ and Lc/+ mice following 
DN stimulation. (Modified from Mittleman et al. (2008) with permission from Wiley)
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With the exception of the flocculonodular lobe which projects to vestibular nuclei 
in the brainstem, GABA-containing Purkinje cells in the cerebellar cortex proj-
ect ipsilaterally to three deep cerebellar nuclei (dentate, interpositus, and fastigial) 
where they make on the order of 1000 contacts each with several types of nuclear 
cells (Teune et al. 1998, 2000; Llinas et al. 2004; Ruigrok 2011). Excitatory inputs 
entering the cerebellum as mossy fibers excite neurons in deep cerebellar nuclei via 
collaterals and then excite granule cells that stimulate Purkinje cells. The inhibitory 
output of Purkinje cells on deep cerebellar nuclei, in turn, modulates spatial and 
temporal patterns of activity of neurons within these nuclei, and therefore the output 
to various brain regions.

Deep cerebellar nuclei projections are generally very widespread and may be 
found throughout the entire brain stem, including the thalamus (Teune et al. 2000; 
Ruigrok 2011). With respect to the first cerebellar-mPFC circuit, the DN and the in-
terpositus nucleus both have in common excitatory glutamatergic neurons that send 
contralateral projections to reticulo-tegmental nuclei of the pons (RTN) in a topo-
graphical manner (also known as the nucleus reticularis tegmenti pontis) (Angaut 
et al. 1985; Torigoe et al. 1986; Teune et al. 2000; Schwarz and Schmitz 1997). In 
addition to the RTN providing reciprocal excitatory glutamatergic projections back 
to the DN and interpositus nucleus (Cicirata et al. 2005; Mihailoff 1993; Gerrits and 
Voogd 1987), the RTN also sends rostral neuronal projections to pedunculopon-
tine tegmental nuclei (PPT), which provide reciprocal projections back to the RTN 

Fig. 11.2  Neuronal circuitry underlying cerebellar modulation of medial prefrontal cortex 
( mPFC) dopamine neurotransmission. Cerebellar modulation of dopamine release in the mPFC 
may occur via polysynaptic inputs from deep cerebellar nuclei, such as the dentate nucleus, to 
dopamine-containing cells in the ventral tegmental area or via a monosynaptic input to thalamic 
( md, mediodorsal; vl, ventrolateral) projections making close appositions with dopamine termi-
nals in the mPFC. Glutamatergic pathways are shown as gray arrows and the dopaminergic path-
way as a dashed arrow. Black curved arrow represents mPFC feedback to cerebellum via pontine 
nuclei. Nuclei abbreviations are shown in the ovals. (Modified from Mittleman et al. (2008) with 
permission from Wiley)
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(Garcia-Rill et al. 2001; Reese et al. 1995; Vertes et al. 1986). Excitatory cholin-
ergic and glutamatergic neurons, including neurons co-containing glutamate and 
acetylcholine, within the rostral and caudal aspects of the PPT project to dopamine-
containing cells in the ventral tegmental area (VTA) and substantia nigra compacta 
(SNc) (Oakman et al. 1995, 1999; Lavoie and Parent 1994). Electrophysiological 
studies have shown that neurons in the RTN respond with prolonged spiking activ-
ity (up to 12 s) to stimulation of the PPT (Garcia-Rill et al. 2001). This sustained 
activity of RTN neurons provides reciprocally sustained activation of PPT glutama-
tergic/cholinergic afferents to dopaminergic cells in the VTA and SNc. These find-
ings are consistent with those showing in rodents that a similar period of electrical 
stimulation of the PPT effectively enhances neurotransmission in both midbrain 
mesocortical and nigrostriatal dopaminergic systems (Blaha and Winn 1993; Blaha 
et al. 1996; Forster et al. 2002; Forster and Blaha 2003). Dopaminergic neurons 
in the VTA comprising the mesocortical dopaminergic system project mainly to 
limbic associative cortices such as anterior cingulate, insular, piriform, perirhinal, 
and entorhinal cortices, including the mPFC (Björklund and Lindvall 1984; Berger 
et al. 1988, 1991; Gaspar et al. 1989). Thus, it is noteworthy that cortical dopamine 
neurotransmission, particularly in the mPFC, has been shown to be associated with 
autism (Ernst et al. 1997), schizophrenia (Bennett 1998; Laruell et al. 2003), emo-
tional processing (Morrow et al. 1999), and a variety of cognitive functions includ-
ing attention, working memory, and planning (Aalto et al. 2005; Gamo et al. 2010; 
Jackson and Moghaddam 2004; Rose et al. 2010).

It is also worth noting that, in addition to a DN-RTN-PPT-VTA circuit mediat-
ing mPFC dopamine release, injections of the anterograde tracer biocytin into deep 
cerebellar nuclei of squirrel monkeys reveal fine collaterals from superior cerebel-
lar peduncle fibers terminating onto dendrites and cell bodies in the PPT that con-
tain choline acetyltransferase (Hazrati and Parent 1992). As well, Perciavalle et al. 
(1989) have shown in the rat that the DN, and to a lesser extent the interpositus 
nucleus, may provide direct contralateral projections to the VTA and dorsal region 
of the SNc, midbrain regions containing a high density of dopaminergic cells. Thus, 
it is possible that more direct circuits, such as DN-PPT-VTA or DN-VTA, may par-
ticipate in modulating mesocortical dopaminergic cell activity.

A second cerebellar-mPFC neuronal circuit that may mediate dopamine release 
in the mPFC involves deep cerebellar nuclei glutamatergic projections to thalamic 
nuclei that in turn project to the cortex. Middleton and Strick (1997, 2001) have 
shown in cebus monkeys that cerebellar projections to prefrontal, oculomotor, and 
skeletomotor areas of cortex via contralateral thalamic relay nuclei are derived from 
topographically distinct regions of the ventral DN comprising 60 % of the volume 
of this cerebellar nuclei. In particular, using retrograde labelling, these investigators 
demonstrated that the DN to mPFC projections, via mediodorsal and ventrolateral 
thalamic nuclei (ThN md and ThN vl, respectively), target exclusively prefrontal 
cortex (PFC) areas 9 and 46-dorsal, while primarily avoiding ventral PFC areas 
12 and 46-ventral. Interestingly, the majority of labelled neurons (90–100 %) were 
found in the DN, and only a small number (0–6 %) were located in the interposi-
tus and fastigial nuclei. Similar findings of near exclusive projections to thalamic 
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nuclei from DN, compared to fastigial and interpositus nuclei, have been reported 
in cynomolgus monkeys (Erickson et al. 2004).

In the rodent there are four structural divisions of the mPFC: the medial agranu-
lar (AGm), anterior cingulate (AC), prelimbic (PL), and infralimbic (IL) cortices. 
The dorsal mPFC (AGm and AC) receive mainly sensorimotor input, whereas ven-
tral mPFC (PL and IL) receive primarily limbic input. Thus, integration of informa-
tion from the thalamus, including other subcortical structures, in the dorsal mPFC 
is thought to mediate goal directed actions. In contrast, the PL region of the ventral 
mPFC is positioned to serve a direct role in cognitive functions homologous to 
dorsolateral PFC of primates, whereas IL region of the ventral mPFC appears to 
represent a visceromotor center homologous to the orbitomedial PFC of primates 
(Hoover and Vertes 2007). In this regard, a number of tract tracing studies in rats 
have shown that thalamic nuclei, primarily ThN md compared to ThN vl, send glu-
tamate-containing projections (Pirot et al. 1994; Pinto et al. 2003) predominantly to 
the limbic PL region of the ventral mPFC, compared to sensorimotor AGm or AC 
regions of the dorsal mPFC (Condé et al. 1990; Hoover and Vertes 2007). The PFC 
then projects back to the cerebellum via pontine nuclei completing a cerebellum-
cortical- cerebellum loop (Kelly and Strick 2003; Middleton and Strick 2000).

At the cellular level, in rodents, primates, and humans, VTA dopaminergic affer-
ents provide dense input to the deep layers V–VI in the mPFC, while the density of 
dopamine innervation in the superficial layers I–III varies across species (relatively 
sparser in rodents). Dopamine terminals in the mPFC form symmetric synapses on 
dendritic spines and shafts of pyramidal neurons in layers V–VI. Many of the post-
synaptic spines innervated by dopamine terminals also receive asymmetric excit-
atory amino acid (glutamate) terminals forming a synaptic “triad” whereby pre- and 
postsynaptic modulation between dopamine and excitatory afferents to pyramidal 
cells, including GABAergic interneurons, may occur (Goldman-Rakic et al. 1989; 
Verney et al. 1990; Smiley and Goldman-Rakic et al. 1989; Carr and Sesack 1996; 
Paul et al. 2013). Indeed, morphological studies have shown that glutamate-con-
taining terminals are in close apposition to dopamine-containing terminals in the 
mPFC (Pinto et al. 2003; Del Arco and Mora 2005), suggesting that glutamate ex-
erts a local modulation of mPFC dopamine release. In support of this notion, reverse 
microdialysis of glutamate agonists and antagonists into the PFC has been shown 
to increase and decrease mesocortical dopaminergic transmission by activation and 
inhibition of ionotropic glutamatergic receptors in the PFC (Feenstra et al. 1995; 
Jedema and Moghaddam 1994). For example, antagonism of AMPA glutamate re-
ceptors in the PFC profoundly reduces dopamine release in the PFC suggesting 
that basal output of mesocortical dopamine is under tonic excitatory control from 
glutamatergic input to the PFC (Takahata and Moghaddam 1998). Although unlike-
ly, an additional mechanism by which the cerebellum mediates dopamine release 
in the mPFC may involve thalamic activation of descending mPFC glutamatergic 
projections to the PPT and/or VTA that, in turn, stimulate mesocortical dopaminer-
gic neurons to release dopamine in the mPFC (Overton and Clark 1997; Del Arco 
and Mora 2009).
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11.4  Dopamine Physiological Dynamics in the mPFC

As noted above, the mPFC receives dense dopaminergic projections from the VTA 
that are essential for optimal cognitive function. A number of studies have sug-
gested that dopamine inputs and GABAergic interneuron interactions with cortical 
pyramidal neurons serve to fine-tune recurrent excitation in mPFC networks that 
may ultimately underlie working memory and executive function (Sawaguchi and 
Goldman-Rakic 1991; Rao et al. 2000; Constantinidis et al. 2002). Electrophysi-
ological studies in rat brain slices have shown that bath applied dopamine evokes a 
complex, temporally biphasic effect on inhibitory synaptic responses in the mPFC, 
as exhibited by an initial suppression, followed by a long-lasting facilitation of 
evoked IPSCs (Seamans et al. 2001a; Seamans and Yang 2004; Trantham-Davidson 
et al. 2004). The initial suppression of GABA interneuron IPSCs in the mPFC is 
thought to occur via activation of postsynaptic D2 receptors. The longer latency 
enhancement of IPSCs has been shown to be mediated by D1 receptors that increase 
the excitability of presynaptic GABAergic interneurons that ultimately modulate 
postsynaptic activity of cortical pyramidal cells (Trantham-Davidson et al. 2004). A 
similar D2-mediated initial suppression followed by a D1-mediated long-lasting fa-
cilitation has also been observed for excitability of cortical pyramidal cells and thus 
may be a common feature of dopaminergic modulation of mPFC neurons (Yang 
and Seamans 1996; Gulledge and Jaffe 1998; Gorelova and Yang 2000; Henze et al. 
2000). In addition, D2 agonists have been shown to reduce NMDA glutamate recep-
tor EPSCs, whereas D1 agonists increase them in mPFC neurons (Zheng et al. 1999; 
Seamans et al. 2001b).

Yang and co-workers have termed the D2-mediated initial suppression as the 
D2-dominated network dynamic “state 1” (Seamans et al. 2001a; Seamans and 
Yang 2004) and have suggested that state 1 may be important in situations requiring 
response flexibility, during which many options for action must be held in memory 
and compared. Synaptically located D2 receptors may respond first to the high pha-
sic dopamine levels evoked by a particularly novel or salient stimulus. This would 
create a state 1 (transient) dynamic before dopamine diffuses into the extrasynaptic 
space, activating D1 receptors to initiate a state 2 (long-lasting) dynamic (Seamans 
and Yang 2004). Thus, the initial D2-mediated transient attenuation of IPSCs may 
function to reset PFC networks so that the robustness-enhancing effects of D1 re-
ceptor activation are reversed momentarily, allowing new information easy access 
to working memory buffers and the establishment of new goal-state representations. 
Under these conditions, state 1 would favor weak activation of a widespread corti-
cal area, whereas state 2 would favor heightened “tuned” activation of a smaller 
and more focused cortical region (Durstewitz et al. 2000; Seamans et al. 2001a; 
Seamans and Yang 2004).

As such, dopamine does not provide PFC networks with specific information but 
rather sets them into one of two processing states. In either state, working memory 
buffers remain able to retain and use information transiently. Glutamatergic and 
GABAergic systems appear to be critical for the actual generation of persistent 
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activity patterns (Seamans et al. 2003). Dopamine only biases the expression of this 
activity, making glutamate- and GABA-mediated persistent activity more robust 
(state 2) or weaker yet more receptive to subsequent inputs (state 1). In this way 
dopamine is a true neuromodulator, acting on glutamate and GABA systems, bias-
ing the way they process and maintain information in working memory, although 
providing no information itself to be held in working memory.

11.5  Developmental Loss of Cerebellar Purkinje Cells 
Produces Behavioral Deficits Similar to Those 
Common to ASD

Our initial neurochemical results indicating a dysregulation of cerebellar mediated 
dopamine transmission in the mPFC of lurcher mutant mice (Mittleman et al. 2008) 
provided a potential mechanism whereby developmental cerebellar damage and ac-
companying alterations in cerebellar-mPFC neuronal circuitry could lead to some 
of the behavioral deficits typically observed in ASD (Nieoullon 2002). In order to 
further investigate the hypothesis that developmental cerebellar damage could re-
sult in behavioral deficits we specifically targeted two behaviors in which patients 
with ASD have prominent defects; repetitive behavior and executive function. Spe-
cifically, it has been reported that repetitive and restrictive behaviors are a major 
behavioral component of ASD (e.g. Hutt and Hutt 1968; Bodfish et al. 2000; Mi-
literni et al. 2002). In autism, repetitive behavior may function to control behavior-
environment relations such as access to reinforcers, or to gain access to or eliminate 
particular types of stimulation such as hyperarousal (Ridley 1994; Kennedy et al. 
2000). Hyperactivity often accompanies repetitive behavior in developmental dis-
orders with approximately 30 % of ASD children comorbid for attention deficit/
hyperactivity disorder (ADHD; Simonoff et al. 2008). Thus, the common goal of 
the behavioral experiments was to determine if mice showed deficits similar to 
those observed in ASD, and more importantly to determine if these deficits related 
to Purkinje cell number.

In order to explore the relationship between repetitive behavior and cerebellar 
Purkinje cell number we used chimeric mice ( Lc/+ ↔ +/+) with varying proportions 
of cells from the wildtype +/+ and heterozygous Lc/+ genotypes (Goldowitz et al. 
1992). Depending on incorporation of the wildtype lineage, 50 % of the chimeric 
mice would be expected to be truly chimeric, or of a mixed genotype ( Lc/+ ↔ +/+). 
Thus total cerebellar Purkinje cell numbers in chimeric animals would be expected 
to vary, while very few Purkinje cells (< 200) would be expected in Lc/+ mice. In 
contrast, +/+ mice would be expected to have a full complement of Purkinje cells 
(> 150,000). Total numbers of cerebellar Purkinje cells were determined at the con-
clusion of the experiment by histological analysis of cerebellar Purkinje cell counts 
(Martin et al. 2010).

AQ1
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Chimeric mice were tested in two behavioral paradigms involving unconditioned 
ambulatory activity during exposure to a novel open field, and conditioned lever 
pressing in progressive ratio (PR) responding. The PR task is a commonly used 
lever-press task that programs a systematic increase in the value of the fixed-ratio 
(FR) requirement following reinforcer delivery. Subjects are free to lever-press as 
frequently or infrequently as they choose, but must make progressively more lever-
presses to obtain successive reinforcers. In this case, subjects were reinforced for 
lever-pressing under an arithmetically increasing FR 5 schedule of reinforcement 
(i.e. 5, 10, 15, 20, etc lever-presses were necessary to obtain reinforcement), using a 
procedure similar to that described by Hodos and Kalman (1963). An experimental 
session terminated when the subject failed to lever-press for 5 consecutive minutes. 
The last ratio completed (reinforced) is known as the subject’s breakpoint and is 
typically followed by a pause in responding known as the post-reinforcer pause 
(PRP). As repetitive behavior can take any form and occur in virtually any environ-
ment (Kennedy et al. 2000), we reasoned that this task would allow us to explore 
the role of cerebellar pathology in repetitive behaviors similar to those observed in 
autism.

Figure 11.3 shows the amount of ambulatory activity that occurred during a 1 h 
exposure to a novel open field as a function of Purkinje cell numbers in chimeric 
mice. A significant negative relationship between Purkinje cell numbers and ambu-
lation was observed in that chimeric mice with low numbers of Purkinje cells were 
progressively more active than mice with higher numbers of these cells.

Figure 11.4a and b describes the relationship between Purkinje cells and repeti-
tive lever-pressing in the PR task in Lc/+ ↔ +/+ chimeras. Within the group of chi-
meric mice breakpoint was significantly and negatively correlated with the number 
of Purkinje cells in the cerebellum. We believe that the increases in lever-pressing 
that resulted in higher breakpoints in chimeric mice represent a repetitive and ste-
reotyped behavior. As defined by Ridley (1994), stereotypy, in contrast to perse-

Fig. 11.3  Open Field Moni-
toring. Scatterplot showing 
the relationship between 
total cerebellar Purkinje cell 
number and one measure of 
ambulation during open-field 
exploration. Total Purkinje 
cell number was nega-
tively related to ambulatory 
events (r = − 0.549, df = 21, 
p = 0.007) as determined by 
Pearson correlations. (Modi-
fied from Martin et al. (2010) 
with permission from Wiley)
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veration, refers to “the excessive production of one type of motor act, or mental 
state, which necessarily results in repetition.” In our case, Purkinje cell deficient 
mice were trained in a repetitive task to associate lever pressing with delivery of a 
primary reward. The significant positive relationship between Purkinje cell number 
and post-reinforcement-pause (Fig. 11.4b) demonstrates the increased focus of 
these mice on lever-pressing, as those chimeras with the fewest Purkinje cells, and 
therefore the highest breakpoints, paused for the shortest amount of time follow-
ing reinforcement. This experiment supported the hypothesis that developmental 
cerebellar damage could result in behavioral deficits, specifically by demonstrating 
similar relationships between cerebellar Purkinje cell number, hyperactivity and 
repetitive behavior.

In the next experiment, we investigated the possibility that Purkinje cell number 
was also related to the degree of deficits in executive function. Executive function 
is an umbrella term for the group of closely linked, high level cognitive skills which 

Fig. 11.4  Scatterplots show-
ing the relationships between 
total cerebellar Purkinje cell 
number and both breakpoint 
and post-reinforcement 
pause. a Total Purkinje cell 
number was negatively 
related to breakpoint as 
revealed by Pearson correla-
tions ( r = -0.439, d.f. = 31, 
p < 0.01). Breakpoint 
declined as total Purkinje 
cell number decreased. b 
Total Purkinje cell number 
was positively related to 
post-reinforcement pause 
( r = 0.369, d.f.= 31, p < 0.05) 
in that mice with lower 
numbers of Purkinje cells had 
shorter post-reinforcement 
pauses. (Modified from 
Martin et al. (2010) with 
permission from Wiley)
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enable the effective execution of goal-directed behaviors (Hughes et al. 1994; Pen-
nington and Ozonoff 1996). These skills, which include working memory, inhibi-
tion, and behavioral flexibility, have consistently been shown to be dependent on 
the PFC in humans, non-human primates, and rodents (Dalley et al. 2004; Robbins 
and Arnsten 2009; Robbins and Roberts 2007). Cognitive theories of autism suggest 
that fundamental deficits in executive function may underlie the clinically signifi-
cant symptoms of this disorder (Pennington and Ozonoff 1996; Hill 2004).

In this study, we assessed the impact of variable developmental cerebellar Pur-
kinje cell loss on behavioral flexibility using a chimeric mouse model ( Lc/+ ↔ +/+). 
Specifically we investigated the acquisition and serial reversals of a conditional 
visual discrimination task, one type of reversal learning task used to assess behav-
ioral flexibility in rodents. Reversal learning tasks measure behavioral flexibility 
by assessing the ability of the subject to adapt its behavior following a reversal 
of stimulus-reward or stimulus-response contingencies, and have been shown to 
depend heavily on the PFC (Clark et al. 2004; Ragozzino 2007). Two stages are in-
volved in reversal learning; inhibition of a previously rewarded strategy and acqui-
sition of a new strategy (Mackintosh 1974). Normal animals and humans typically 
show improvement in reversal learning across reversals. Thus, as perseverative re-
sponses decline, a faster rate of switching to the new response occurs. Essentially 
the subject learns that if the current response is incorrect, the other response must 
be correct. In this experiment, mice initially were trained in a simultaneous (simple) 
visual discrimination using procedures of Jones et al. (1991) of the type “respond 
where the light is” (cue light = S+) or “respond where the light is not” (cue light = 
S−). This task can be learned simply by approaching cues predictive of reward and 
thus requires no response-rule learning. Once the criterion for acquisition was met, 
mice were then tested on a series of reversals of the discrimination contingency 
(e.g. if they learned, “respond where the light is,” they then must learn, “respond 
where the light is not”). The acquisition of reversals of stimulus-reward reversals 
is captured in two types of errors. Errors committed during sessions in which per-
formance was below chance levels (≤ 40 % correct) were classified as Perseverative 
errors, suggesting that during these sessions mice continued to respond according to 
the response rules of the prior stage. Errors committed during sessions in which per-
formance was above chance levels (41–85 % correct) were classified as Learning 
errors, suggesting that mice had shifted away from the use of the response rules of 
the prior stage.

All mice learned the initial visual discrimination and were then tested over 4 
stimulus-reward reversals. Figure 11.5 shows the relationship between learning er-
rors and Purkinje cell numbers in chimeric mice during reversals 3 and 4. Com-
parison of Purkinje cell number and performance in individual mice revealed that 
chimeras with fewer Purkinje cells committed more Learning errors than those with 
higher numbers of these cells. These data suggest that developmental cerebellar 
Purkinje cell loss can affect higher level cognitive processes which have previously 
been shown to be mediated by the mPFC, are disrupted in patients bearing cerebel-
lar lesions (Bellebaum and Daum 2007), and are commonly deficient in ASD (Hill 
2004; Pennington and Ozonoff 1996).
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11.6  Individual Pathway Contributions to mPFC 
Dopamine Release in Lurcher Wildtype and Lc/+ 
Mutant Mice

As our behavioral experiments, together with the neurochemical results of Mittle-
man et al. (2008), strongly suggested that mPFC function was altered in direct re-
lationship to the number of cerebellar Purkinje cells, and that Purkinje cell loss 
could disrupt dopamine transmission in the mPFC, we next investigated the relative 
contribution of each of the two candidate neuronal circuits in modulating mPFC 
dopamine release (Rogers et al. 2011). We again used in vivo fixed potential am-
perometry in combination with carbon-fiber microelectrodes (as in Mittleman et al. 
2008) to monitor mPFC dopamine release evoked by DN electrical stimulation 
(100 cathodic monophasic pulses, 400 μA intensity, 0.5 ms pulse duration) at 50 Hz 

Fig. 11.5  In chimeric mice, 
there was a significant 
negative relationship between 
Purkinje cells and learning 
errors (those committed while 
session performance was 
between 41 % and 85 % cor-
rect) during reversals 3 ( top 
panel) and 4 ( bottom panel). 
(Modified from Dickson et al. 
(2010) with permission from 
Elsevier)
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every 60 s before and during individual microinfusions of the local anesthetic li-
docaine, the ionotropic glutamate receptor antagonist kynurenate, and the control 
(drug vehicle) solution phosphate buffered saline (PBS) into the ThN md, ThN vl, 
or VTA of urethane anesthetized lurcher wildtype (+/+) mice.

As shown in Fig. 11.6, the DN to mPFC pathway via dopaminergic neuronal 
cell bodies in the VTA was decreased by either lidocaine or kynurenate by ~ 50 %, 
while the DN to mPFC via thalamic nuclei was also decreased similarly by either 
lidocaine or kynurenate by ~ 50 % (35 % in the ThN md and 16 % in the ThN vl). 
Thus, the sum of the percent decreases occurring in each of these two pathways 
accounted for 100 % of DN stimulation-evoked dopamine release recorded in the 
mPFC. PBS infusions resulted in relatively minimal site-specific average percent 
decreases of 2.8 % ± 1.3 %, 2.0 % ± 1.1 % and 0.8 % ± 1.3 % for VTA, ThN md, and 
ThN vl, respectively. The results of this study, therefore showed that in lurcher 
wildtype mice, the pathway through the thalamus (ThN md and ThN vl) and the 
pathway through the VTA each contribute 50 % of the modulatory influence on 
mPFC dopamine neurotransmission. Additionally, reductions in dopamine release 
following lidocaine or kynurenate infusions were not significantly different which 
indicates that neuronal cells in the VTA and ThN were activated primarily if not 
entirely by glutamatergic inputs.

Fig. 11.6  Average percent decrease in dentate nucleus ( DN) stimulation-evoked dopamine 
responses following lidocaine, kynurenate, or phosphate buffered saline ( PBS, control) infusions 
into the ventral tegmental area ( VTA), mediodorsal thalamus ( ThN md), and the ventrolateral thala-
mus ( ThN vl), as well as the summed average percent decrease of each drug infused across sites. 
Infusions of kynurenate or lidocaine into the VTA, ThN md, and ThN vl of separate groups of 
mice decreased the dopamine response by approximately 50, 35, and 15 %, respectively while 
phosphate buffered saline ( PBS, control) had no significant effect in any group. (Modified from 
Rogers et al. (2011) with permission from Wiley)
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As these results indicated an equal contribution of the thalamic and VTA path-
ways to mPFC dopamine release, and those of Mittleman et al. (2008) showed that 
mPFC dopamine release was reduced in lurcher ( Lc/+) mutant mice, the next exper-
iment investigated the relative contributions of these pathways in Lc/+ mice (Rog-
ers et al. 2013a). The same methods as Rogers et al. (2011) were used. Figure 11.7 
(top panel) shows that Lc/+ mice exhibit a significant reduction in DN stimula-
tion evoked dopamine release in the mPFC. Figure 11.7 (bottom panel) also shows 
that in Lc/+ mice there was a functional reorganization of the VTA and thalamic 

Fig. 11.7.  Individual examples of medial prefrontal cortex dopamine release responses ( black 
bar, 100 pulses at 50 Hz) ( top panel) and bar histograms ( bottom panel) showing the mean ± SEM 
percent decrease in dentate nucleus stimulation-evoked dopamine responses following kynure-
nate infusion into the ventral tegmental area ( VTA), mediodorsal thalamus ( ThN md), or the 
ventrolateral thalamus ( ThN vl), as well as the summed average percent decrease of each drug 
infused sites in lurcher mutant vs. wildtype mice. In lurcher wildtype mice infusions of kynure-
nate into the VTA reduced dopamine responses by ~ 50 %, while kynurenate infusions into the 
thalamus (md and vl combined) also reduced the dopamine response by a total of ~ 50 % ( md 
= ~ 35 % and vl = ~ 15 %). In contrast, the reduction in the dopamine response following kynurenate 
into the VTA in lurcher mutant mice (~ 30 %) was significantly less, indicating a reduction in the 
modulatory strength of this pathway. This reduction in strength in mutant mice was coupled to an 
increase in signal strength of the pathway through the thalamus, specifically the ThN vl. Thus, 
kynurenate infused into this nucleus reduced dopamine responses by ~ 15 % in wildtype mice 
compared to ~ 40 % in mutant mice. (Modified from Rogers et al. (2013a) with permission from 
Springer)
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pathways mediating cerebellar modulation of mPFC dopamine release. Following 
electrical stimulation of the DN, inactivation of the VTA pathway by intra-VTA 
lidocaine or kynurenate infusions decreased dopamine release by 50 % in wildtype 
and 30 % in Lc/+ mutant mice. Intra-ThN vl infusions of either drug decreased 
dopamine release by 15 % in wildtype and 40 % in mutant mice, while dopamine re-
lease remained relatively unchanged following intra-ThN md drug infusions. These 
results indicated a shift in strength towards the thalamic vl projection, away from 
the VTA. These results were consistent with the idea that developmental loss of 
cerebellar Purkinje cells results in a reorganization of the neuronal pathways me-
diating mPFC dopamine release that ultimately contributes to a reduction in mPFC 
dopamine release.

11.7  Individual Pathway Contributions to mPFC 
Dopamine Release in Fmr1 Wildtype and Mutant 
Mice

One limitation of these results is that, although lurcher mutant mice represent a rela-
tively good and reasonably selective model of cerebellar Purkinje cell loss, there is 
no known human equivalent to this genetic condition (i.e. 100 % Purkinje cell loss). 
This observation necessarily limits the applicability of this mouse model to ASD, 
although both share the common feature of cerebellar Purkinje cell loss. In order to 
overcome this limitation we replicated the previous experiment using Fmr1 mutant 
and wildtype mice. Fragile X syndrome is one of the forms of ASD with a known 
monogenetic cause, the loss of function of the Fmr1 gene. Fmr1-KO (knockout) 
mice have an Fmr1tm1Cgr targeted mutation and are widely used as a mouse model 
of Fragile X syndrome (Goodrich-Hunsaker et al. 2011; Verkerk et al. 1991; Rogers 
et al. 2013b). These KO “mutant”mice display several behavioral deficits similar 
to those seen in ASD such as hyperactivity, perseverative behavior, reduced spa-
tial learning abilities, memory deficits, and reduced fear conditioning (Bernardet 
and Crusio 2006; Ey et al. 2011; Olmos-Serrano and Corbin 2011). Fmr1 mutant 
mice display cerebellar abnormalities such as elongated Purkinje cell spines and de-
creased volume of deep cerebellar nuclei, which may also be indicative of reduced 
cerebellar output (Koekkoek et al. 2005; Ellegood et al. 2010). Abnormalities also 
exist in the PFC of Fmr1 mutant mice. For example, layer 5 pyramidal neurons dis-
play hyperconnectivity in the mPFC, and synapses between these neurons are not 
able to recover from long term depression as rapidly as the same neurons in control 
mice (Testa-Silva et al. 2011).

The electrical stimulation and neurochemical recording methods of Mittleman 
et al. (2008) and Rogers et al. (2011) were used. We initially compared the magni-
tude of dentate stimulation-evoked dopamine release in Fmr1 mutant and wildtype 
mice. Figure 11.8 (top panel) shows that, like Lc/+ mice, Fmr1 mutants showed a 
significant reduction in mPFC dopamine release evoked by stimulation of the DN. 
Figure 11.8 (bottom panel) also indicates that in Fmr1 mutant mice there was a 
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functional reorganization of the VTA and thalamic pathways mediating cerebellar 
modulation of mPFC dopamine release that was very similar to that observed in 
Lc/+ mice (see Fig. 11.7). Inactivation of the VTA pathway by intra-VTA lidocaine 
or kynurenate infusions decreased dopamine release by 50 % in wildtype and 20 % 
in Fmr1 mutant mice. Intra-ThN vl infusions of either drug decreased dopamine 
release by 15 % in wildtype and 40 % in Fmr1 mutants, while evoked dopamine 

Fig. 11.8  Individual examples of medial prefrontal cortex dopamine release responses ( black bar, 
100 pulses at 50 Hz) ( top panel) and bar histograms ( bottom panel) showing the mean ± SEM 
percent decrease in dentate nucleus stimulation-evoked dopamine responses following kynurenate 
infusion into the ventral tegmental area ( VTA), mediodorsal thalamus ( ThN md), or the ventrolat-
eral thalamus ( ThN vl), as well as the summed average percent decrease of each drug infused sites 
in Fmr1 mutant vs. wildtype mice. In Fmr1 wildtype mice infusions of kynurenate into the VTA 
reduced dopamine responses by ~ 50 %, while kynurenate infusions into the thalamus ( md and vl 
combined) also reduced the dopamine response by a total of ~ 50 % ( md = ~ 35 % and vl = ~ 15 %). 
In contrast, the reduction in the dopamine response following kynurenate into the VTA in Fmr1 
mutant mice (~ 20 %) was significantly less, indicating a reduction in the modulatory strength 
of this pathway. This reduction in strength in mutant mice was coupled to an increase in signal 
strength of the pathway through the thalamus, specifically the ThN vl. Thus, kynurenate infused 
into this nucleus reduced dopamine responses by ~ 15 % in wildtype mice compared to ~ 40 % in 
mutant mice. Regardless of genotype (lurcher and Fmr1 mutant mice; see Fig. 11.8), kynurenate 
infused into the ThN md reduced the dopamine signal between 30 to 40 %, respectively. (Modified 
from Rogers et al. (2013a) with permission from Springer)
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release remained relatively unchanged following intra-ThN md drug infusions. As 
in Lc/+ mice these results indicated a shift in strength towards the thalamic vl pro-
jection, away from the VTA in Fmr1 mutant mice. These results further indicated 
that the results observed in Lc/+ mice could be generalized to another mouse strain 
that exhibited developmental cerebellar neuropathology of a less severe nature. 
Both showed a similar reduction in mPFC evoked dopamine release suggesting a 
similar reorganization of the neuronal pathways mediating DN stimulation-evoked 
mPFC dopamine release (Rogers et al. 2011, 2013a). In this regard it should be ad-
ditionally noted that Fmr1 KO mice also show deficits in serial reversal learning 
that are similar to those observed in lurcher chimeras (Dickson et al. 2013).

11.8  Glutamate Dysfunction Drives the Reduction 
in mPFC Dopamine Release in Lurcher Mutant 
and Wildtype Mice

As we had previously observed that mPFC dopamine release evoked by stimulation 
of the DN was reduced in Lc/+ mutant mice in comparison to wildtype +/+ controls, 
and that efferents from the DN were likely predominantly glutamatergic (Rogers 
et al. 2011), we conducted an additional experiment in order to determine if reduc-
tions in the functional properties of glutamate were responsible for the reduced do-
pamine release. Thus, we evaluated glutamate release in RTP, PPT and VTA (VTA 
pathway) and ThN md and ThN vl (thalamic pathway) evoked by localized electri-
cal stimulation using fixed potential amperometry in combination with glutamate 
enzyme-based recording probes in urethane anesthetized lurcher wildtype and Lc/+ 
mutant mice. Stimulations (100 monophasic 0.5 ms duration pulses at 100 Hz every 
600 s) were applied to the ThN md, ThN vl, RTN, PPT, or VTA (at 800 µA) and glu-
tamate release was monitored via a glutamate enzyme recording probe immediately 
adjacent to the stimulating electrode.

As shown in Fig. 11.9, results of this experiment showed that electrical stimula-
tion of glutamatergic axons in the ThN md, ThN vl, RTN, and PPT of Lc/+ mice 
resulted in significantly less evoked glutamate release than in wildtype (control) 
mice (McKimm et al. 2014). Evoked glutamate release was equivalent in the VTA 
of both genotypes. As such, these results are consistent with the idea that both first 
and second order glutamatergic projections from the DN are abnormal in Lc/+ mu-
tant mice possessing developmental cerebellar neuropathology that involves loss of 
cerebellar Purkinje cells (Caddy and Biscoe 1979; Zuo et al. 1997). It thus seems 
highly likely that it is this cerebellar neuropathology that drives the subsequent 
reduction in glutamate release observed in cerebellar efferents from the DN. As 
both pathways participate in the modulation of mPFC dopamine release, it appears 
reasonable that these reductions in glutamate transmission can account for the pre-
viously observed reduction in mPFC dopamine release elicited by electrical stimu-
lation of the DN in Lc/+, compared to wildtype, mice (Mittleman et al. 2008; Rogers 
et al. 2013a).
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11.9  Conclusions

In this series of experiments we have concentrated on understanding the neuro-
physiological bases of some of the most common behavioral symptoms of ASD, 
including hyperactivity, repetitive behavior and executive function. Considered to-
gether these results show that cerebellar Purkinje cell number in lurcher chimeras 
has a profound influence on these behaviors in that lower numbers of Purkinje cells 
are consistently associated with increased activity and repetitive behavior as well 
as deficits in executive function. It is likely that these behavioral deficits stem from 

Fig. 11.9  The time-course 
of glutamate release evoked 
by electrical stimulation of 
the mediodorsal nucleus 
of the thalamus ( ThN md), 
ventrolateral nucleus of the 
thalamus ( ThN vl), reticulo-
tegmental nucleus ( RTN), 
pedunculopontine nuclei 
( PPT), or ventral tegmental 
area ( VTA) in lucher ( Lc/+) 
mutant mice or wildtype 
( WT) controls. A total of 3 
stimulations (100 monopha-
sic 0.5 ms duration pulses 
at 100 Hz every 600 s) were 
applied to the ThN md, ThN 
vl, RTN, PPT, or VTA (at 
800 µA). Results averaged 
across the 3 stimulations are 
shown. Vertical lines indicate 
the standard error of the 
mean. (Modified from McK-
imm et al. with kind permis-
sion of Springer Science + 
Business Media (2013)) with 
kind permission of Springer 
Science + Business Media
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developmental loss of cerebellar output that occurs as a function of Purkinje cell 
loss. Loss or dysregulation of Purkinje cell output to the deep cerebellar nuclei such 
as the DN in turn results in alterations in the functionality of cerebellar pathways 
projecting to the mPFC. This loss of functionality prominently includes reductions 
in cerebellar mediated mPFC dopamine release. The reduction in mPFC dopamine 
release is likely caused by coincident reductions in glutamate available for release 
from cerebellar projections to the thalamus and VTA. This loss of functionality also 
includes a shift in the balance of influence of the cerebellum on the mPFC, away 
from the cerebellar circuitry projecting to the VTA, towards cerebellar projections 
to the thalamus. All of these changes consistently occurred in both lurcher and Fmr1 
mutant mice indicating that multiple forms of developmental cerebellar pathology 
result in very similar neurophysiological and behavioral deficits.

11.10  Future Directions

As noted at the beginning of this chapter, some of the symptoms of ASD also in-
clude motoric disorders and deficits in social reward. Motoric and reward deficits 
in ASD strongly suggest the possibility of dysregulation in other midbrain dopami-
nergic systems. As reviewed by Dichter et al. (2012b) there is compelling evidence 
that the nigrostriatal dopamine system, originating in the SNc and projecting to 
the caudate nucleus (Bjorklund and Lindvall 1984), is altered in a mouse model of 
Fragile X syndrome. For example, using fast-scan cyclic voltammetry to measure 
electrically evoked dopamine release in striatal brain slices, Fulks et al. (2010) ob-
served a decrease in both stimulated dopamine release and reuptake in Fmr1 mutant 
mice. Interestingly, this functional dysregulation in dopamine transmission was cor-
related with alterations in repetitive stereotypic movements.

It has also been shown that disruptions in dopamine signalling in the mesoac-
cumbens dopaminergic system, originating in the VTA and projecting to limbic 
structures such as the nucleus accumbens (Bjorklund and Lindvall 1984), nega-
tively impact reward processing that is important for social pair bonding behaviors 
(Curtis and Wang 2005). It is also possible that these deficits may extend beyond so-
cial reward to encompass other forms of reward. Experimental studies have linked 
the mesoaccumbens dopaminergic system and nucleus accumbens to learning about 
stimulus-reward relationships and the maintenance of learned behaviors (Berridge 
2012). Utilizing fMRI, Dichter et al. (2012b) have shown in ASD patients a de-
crease in nucleus accumbens activation during monetary-reward anticipation, sug-
gesting that these individuals are phenotypically characterized by reward-circuitry 
hypoactivation. Given our observations of a dysregulation in DN mediated meso-
cortical dopamine release in both lurcher and Fmr1 mutant mice, it is not unreason-
able to suggest that a similar form of dysregulation may extend to the nigrostriatal 
and mesoaccumbens dopaminergic systems.

We have recently investigated the possibility that, in addition to having a rela-
tively profound modulatory influence on the mesocortical dopamine pathway, 
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cerebellar modulation could extend to the nigrostriatal and mesolimbic dopamine 
projections. Using the methods of Mittleman et al. (2008) we stimulated the DN 
and recorded evoked dopamine release in the medial-dorsal caudate and nucleus 
accumbens core in lucher wildtype mice. Figure 11.10 shows that stimulation of the 
DN resulted in a relatively prolonged increase in dopamine release that lasted for 
up to 14 s post-stimulation in both brain areas. This result is suggestive that cerebel-
lar modulatory influences can extend beyond the mesocortical dopamine pathway. 
Given the well-known involvement of the caudate and nucleus accumbens in, re-

Fig. 11.10  Individual examples of dopamine release responses in the dorsomedial striatum (top 
panel) and nucleus accumbens core (bottom panel) following stimulation of the cerebellar dentate 
nucleus. Electrical stimulation ( black bar: 800 µA intensity, 50 monophasic 0.5 ms duration pulses 
at 50 Hz) occurred at 0 s. The stimulation artefact occurred between 0 and 1 s. Thereafter, stimula-
tion elicited a prolonged increase in dopamine release in both structures that lasted for up to 14 s 
post-stimulation
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spectively, motor function and reward, these results certainly suggest that develop-
mental cerebellar neuropathology could also result in deficits in these abilities. We 
believe this possibility is deserving of further investigation.
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Abstract In recent years there has been a growing interest in the role played by 
the excitatory neurotransmitter glutamate in autism spectrum disorders. The present 
chapter describes results from brain imaging and biochemical studies that directly 
or indirectly strengthen the notion of dysfunctional glutamatergic transmission in 
autism spectrum disorders. Of particular interest is the increasing number of stud-
ies showing white matter, including corpus callosum, abnormalities and deficient 
cortical “connectivity” in autism. Accumulating biochemical evidence also points 
to aberrations in glutamatergic signalling in autism. Several studies testing different 
agents that modulate glutamatergic transmission have been conducted but larger 
placebo-controlled studies are needed. An alternative possible avenue involves 
combined dopaminergic and serotonergic stabilization which would mediate indi-
rect modulation of glutamatergic systems.

Keywords Autism · Glutamate · Connectivity · Corpus callosum

In recent years there has been a steadily growing interest in the role played by the 
excitatory neurotransmitter glutamate in autism spectrum disorders. Fifteen years 
ago I proposed that infantile autism may be a hypoglutamatergic disorder (Carls-
son 1998)—I based my hypothesis on published results from neuroanatomical and 
neuroimaging studies that indicated aberrations in brain regions which are rich in 
glutamate neurons, and similarities between symptoms produced by glutamatergic 
N-methyl-D-aspartate (NMDA) antagonists in healthy subjects and those seen in 
autism. In this chapter I describe results from brain imaging and biochemical stud-
ies that directly or indirectly strengthen the notion of dysfunctional glutamatergic 
transmission in autism spectrum disorders. Of particular interest is the increasing 
number of studies showing white matter, including corpus callosum, abnormalities 
and deficient cortical “connectivity” in autism (see also Carlsson 2010).
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12.1  Corpus Callosum and Brain Connectivity

As the bulk of fibers running through the corpus callosum are glutamatergic (Conti 
and Manzoni 1994; Kumar and Huguenard 2001), studies on this structure may 
give an indication about the integrity of brain glutamatergic neurons. Indeed, the 
corpus callosum has been referred to as “a sensitive indicator of the cerebral cortical 
state” (Hayakawa et al. 1989). Several magnetic resonance imaging (MRI) studies 
have reported reductions in callosal size in persons with autism, be it the entire 
structure or on a regional level (Egaas et al. 1995; Piven et al. 1997; Hardan et al. 
2000; Waiter et al. 2005; Vidal et al. 2006; Alexander et al. 2007; Just et al. 2007; 
Mason et al. 2008; Frazier and Hardan 2009). Assuming that callosal size reflects 
the number of callosal nerve fibers (Aboitiz et al. 1992; see however Lamantia 
and Rakic 1990), these results are in line with the notion of hypoglutamatergia in 
autism. While the corpus callosum is thus fairly consistently reported to be smaller 
in autism, the cerebral hemispheres, the cerebellum and the caudate nucleus are 
observed to be enlarged (Stanfield et al. 2008). Along with the brain enlargement in 
autism, especially recent studies have observed regional increases of gray matter, 
and white matter volume reductions (see Bonilha et al. 2008). It has been suggested 
that in autism there is an abundance of short connective fibers relative to long ones 
and increased local but reduced long-distance cortico-cortical activity (Courchesne 
and Pierce 2005; Just et al. 2007; Bonilha et al. 2008).

The majority of long fibers are considered to be glutamatergic while the short 
cortical fibers appear to be predominantly GABAergic (Jones 1986; Somogyi et al. 
1998). Hence, the above MRI findings do not seem to be in line with recent hypoth-
eses that autism is a disorder of deficient GABA activity coupled with excessive 
glutamate transmission (Rubenstein and Merzenich 2003). Also results from a num-
ber of PET studies in autism/Asperger’s disorder showing decreased deoxyglucose 
metabolism in various brain regions innervated by glutamatergic neurons, e.g., the 
temporal lobes (Chugani et al. 1996), the anterior cingulate gyrus/medial frontal 
cortex, i.e., Brodmann areas 24 and 25 (Haznedar et al. 1997; Hazlett et al. 2004), 
ventral caudate, putamen, and thalamus (Haznedar et al. 2006); are difficult to rec-
oncile with a general hyperglutamatergia, as excessive glutamate activity would 
rather be expected to produce the opposite result, since a major part of the glucose 
oxidation in the brain occurs in the nerve terminals of glutamate neurons (see Roth-
man et al. 2003). Since GABAergic neurons make a minor contribution (about 20 % 
in the cortex) to neuronal glucose oxidation (Patel et al. 2005) there is of course a 
theoretical possibility that the decreased metabolism observed is due solely to de-
creased GABAergic activity; this interpretation does not seem plausible though, in 
part because decreased activity of GABAergic interneurons—assuming that GABA 
in autism during ontogenesis undergoes a normal switch from excitatory to inhibi-
tory transmitter (see Herlenius and Lagercrantz 2001)—ought to result in excessive 
glutamatergic neuronal activity, which in turn would cause enhanced metabolism. 
In the striatum, GABAergic interneurons are reported to constitute less than 5 % of 
the neurons (Partridge et al. 2009; Gittis and Kreitzer 2012). Taken together, results 
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from MRI and PET studies seem to support the notion of deficient glutamatergic 
transmission in at least parts of the brain in autism.

The growing number of reports of structural white matter deficits in autism 
(Barnea-Goraly et al. 2004; Keller et al. 2007; Alexander et al. 2007; Lee et al. 
2007; Bonilha et al. 2008; for review see Travers et al. 2012) tally with functional 
MRI studies reporting reduced “functional connectivity” inter- as well as intrahemi-
spherically. For instance, Just et al. (2004, 2007) found that high-functioning autis-
tic individuals displayed a lower degree of synchronization in activation between 
different cortical areas, including between frontal and parietal areas compared to 
controls (for reviews see Philip et al. 2012; Dichter 2012). Furthermore, in subjects 
with autism, but not in controls, a positive correlation between the size of the ante-
rior region of the corpus callosum and frontal-parietal functional connectivity has 
been observed, i.e., a smaller anterior corpus callosum is associated with reduced 
cortical connectivity (Just et al. 2007; Kana et al. 2006; Mason et al. 2008).

The above observations, in turn, fit nicely with our own neuropsychological 
study aimed at testing the efficiency of callosal information transfer in children and 
adolescents with autism spectrum disorders. The study included auditory, visual, 
and motor measures covering information transfer within, as well as across, modali-
ties. We found evidence for aberrant interhemispheric, but also intrahemispheric, 
transfer of information, both of which seem to depend on the integrity of the corpus 
callosum. We concluded that our observations were in support of the hypothesis of 
autism being a hypoglutamatergic disorder (Nydén et al. 2004). Interesting in this 
context are also observations in individuals with developmental absence (agenesis), 
complete or partial, of the corpus callosum (for reviews and references see Paul 
et al. 2007; Paul 2011); these individuals display deficits that are typically found 
in persons with autism, e.g., impairments in abstract reasoning and generalization, 
and in the comprehension of idioms, proverbs, vocal prosody and narrative humour. 
Parents of affected individuals have reported that impaired social skills and poor 
personal insight are the factors that interfere most with the daily lives of their chil-
dren. For instance, they have difficulties making conversation, taking all conversa-
tion literally, and are unable to take the perspective of others (see Paul et al. 2007; 
Badaruddin et al. 2007).

12.2  Biochemistry

12.2.1  Plasma Glutamine/Glutamate Levels

There are several studies reporting alterations of plasma levels of glutamate and 
the glutamate precursor/metabolite, glutamine in autism. Moreno-Fuenmayor et al. 
(1996) observed a tendency for enhanced plasma glutamate levels in children with 
autism, whereas the glutamine levels were significantly decreased, and there ap-
peared to be a negative correlation between glutamate and glutamine levels. Also 
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Zavala et al. (2001) found that plasma levels of glutamine were lower in patients 
with autism. Similarly, increased plasma glutamate and lowered glutamine levels 
have been found in patients with autism and Asperger’s syndrome (Aldred et al. 
2003), as well as in patients with high-functioning autism (Shimmura et al. 2011). 
Shinohe et al. (2006), finally, reported that serum levels of glutamate were sig-
nificantly higher in young adult patients with autism than in controls, whereas the 
glutamine levels did not differ.

As glutamate and glutamine are actively transported out from the CNS (Hawkins 
et al. 2006), plasma levels may reflect CSF levels. Indeed, a positive correlation 
between CSF and blood concentrations of glutamate has been observed (Alfredsson 
et al. 1988). Thus, if the peripheral phenomena described above mirror an altered 
glutamine-glutamate balance in the CNS, this may suggest a disturbed glutamine-
glutamate cycling and hence support the notion of impaired glutamatergic neuro-
transmission. Platelet levels of glutamine and glutamate have also been measured 
and were found to be lower in children with autism than in controls (Rolf et al. 
1993). It should be added that the alterations in glutamate and glutamine in the stud-
ies cited here were often accompanied by group differences in other amino acids.

12.2.2  Brain Glutamate Biochemistry

In a proton magnetic resonance spectroscopic imaging (1H-MRS) study conducted 
in 26 boys with autism and 29 male comparison subjects, lower levels of gray mat-
ter N-acetylaspartate and glutamate + glutamine were found in the autism group in 
most cerebral lobes and in the cerebellum, suggesting widespread decreased neu-
ronal viability and perturbation of glutamatergic transmission (DeVito et al. 2007). 
In another 1H-MRS study Bernardi et al. (2011) observed lower glutamate + glu-
tamine concentrations in the right anterior cingulate cortex of 14 high-functioning 
medication-free adults with autism spectrum disorder compared to a healthy control 
group of 14 age- and IQ-matched subjects. Lower glutamate + glutamine levels in 
the frontal lobes were observed in a group of 12 children that was compared to a 
control group of 16 children (Kubas et al. 2012).

Page et al. (2006), on the other hand, studying 25 adults with autistic spectrum 
disorders and 21 control subjects, observed a higher concentration of glutamate + 
glutamine in the amygdala-hippocampal region in the autism group. Bejjani et al. 
(2012) reported elevated levels of glutamate + glutamine in pregenual anterior cin-
gulate cortex in children with autism spectrum disorder (two studies consisting of 
altogether 34 patients and 26 controls). Joshi et al. (2013), finally, observed signifi-
cantly higher glutamate levels in the anterior cingulate cortex of seven adolescents 
with autistic disorder compared to seven control subjects, and a trend for lower 
glutamate in the right medial temporal lobe.

Glutamate is synthesized from glutamine by glutaminase in brain neurons. In a 
post-mortem study Shimmura et al. (2013) found that the protein levels of kidney-
type glutaminase, which converts glutamate from glutamine, were lower in subjects 
with autism than in controls in the anterior cingulate cortex.
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In a postmortem investigation, Purcell et al. (2001) reported decreased AMPA-
type glutamate receptor density in the cerebellum in autism. In other postmortem 
studies, elevations of metabotropic glutamate receptor 5 (mGluR5) protein in chil-
dren with autism have been observed in the superior frontal cortex (Fatemi and Fol-
som 2011) and in the cerebellar vermis (Fatemi et al. 2011). In a postmortem study 
in fragile X patients, finally, mGluR5 protein expression was found to be increased 
in the prefrontal cortex (Lohith et al. 2013).

Taken together, there is accumulating biochemical evidence pointing to aberra-
tions in glutamatergic signalling in autism.

12.3  Genetics

An increasing number of genetic studies support the involvement of glutamate sys-
tem in autism. In a postmortem brain study, Purcell et al. (2001) reported increased 
expression of glutamate transporter genes in autism. Other studies have implicated  
the involvement of the ionotropic glutamate receptor 6 (Jamain et al. 2002; Shuang 
et al. 2004) and the metabotropic glutamate receptor 8 (Serajee et al. 2003) genes 
in autism. Chung et al. (2007), reported an association between the D-amino acid 
oxidase gene and autism spectrum disorders. D-amino acid oxidase catabolises D-
serine, an agonist of the NMDA receptor-associated glycine site, which impacts 
glutamatergic transmission.

For a recent overview of further genes potentially associated with glutamatergic 
signalling in autism, see Choudhury et al. 2012.

12.4  Fever

Since case reports and anecdotal evidence have suggested a beneficial effect of 
fever on autistic symptoms, Curran et al. (2007) conducted a prospective study in 
children with autism spectrum disorders during and after an episode of fever. Fe-
brile patients were found to display fewer aberrant behaviours than afebrile patients 
on the Aberrant Behaviour Checklist subscales of hyperactivity, stereotypy, and in-
appropriate speech. This is interesting in view of the hypoglutamatergic hypothesis 
of autism, since a relationship between fever and increased glutamate release has 
been observed in a number of studies (Monda et al. 1998; Shuaib et al. 1996).

12.5  Clinical Trials with Glutamatergic Agents

Early clinical trials with glutamatergic agents have been conducted in autism and 
include low-moderate affinity un-competitive NMDA antagonists, a partial glycine 
agonist, an AMPA receptor modulator and glutamate release inhibiting agents.
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The moderate affinity un-competitive NMDA antagonist memantine has been 
tested in a few open trials. In an 8-week, open-label study in 12 children with per-
vasive developmental disorders (PDDs), the majority with autistic disorder, no sig-
nificant differences were found from baseline on measures of expressive or recep-
tive language or nonverbal IQ, with the exception of an improvement on a memory 
test, Children’s Memory Scale Dot Learning Subtest. There were also significant 
improvements on a number of Aberrant Behavior Checklist (ABC) subscales, filled 
out weekly by parents/caretakers, such as hyperactivity, lethargy and irritability. 
However, ratings by the clinician on the Clinical Global Impression (CGI) severity 
scale did not show any significant improvement (Owley et al. 2006). A further study 
consisting of 18 patients with PDD (of whom 13 had a diagnosis of autistic disor-
der) treated with open-label memantine for a mean duration of 19.3 weeks (range 
1.5–56 weeks) was reviewed retrospectively. 72 % of the patients received stable 
doses of concomitant medications. 61 % of the patients were judged responders to 
memantine based on a rating of “much improved” or “very much improved” on the 
CGI-Improvement subscale (CGI-I). Primarily, social withdrawal and inattention 
seemed to be improved (Erickson et al. 2007). In a third open-label study, add-on 
therapy with memantine was offered to 151 patients with autism (69.7 %) or Perva-
sive Developmental Disorder Not Otherwise Specified. CGI-I ratings showed sig-
nificant improvements in language function and social behaviour (Chez et al. 2007). 
In a 10-week, double-blind, placebo-controlled add-on study, children with autism 
received risperidone in combination with memantine ( n = 20) or placebo ( n = 20); 
the group that received memantine was reported to have a greater reduction in ABC-
C subscale scores for irritability, stereotypic behaviour and hyperactivity (Ghaleiha 
et al. 2013).

The mechanism behind any beneficial effect of memantine in autism remains 
unclear. In the context of Alzheimer’s disease it has been suggested that the reported 
cognition enhancing effects of memantine are due to several reasons enumerated 
below: 1) reinforced AMPA-receptor-mediated transmission (Müller et al. 1995); 
2) a preferential blockade of NMDA receptors pertaining to inhibitory GABAergic 
interneurons, resulting in subsequent disinhibition of glutamatergic neurons (Dimp-
fel 1995); 3) an improved “signal to noise” ratio in glutamatergic systems (Parsons 
et al. 2007) and/or 4) a muscarinic agonist effect (Drever et al. 2007; see Johnson 
and Kotermanski 2006). More recently, there was a report from a mouse model, 
suggesting that a stimulatory effect of memantine on excitatory synapse formation 
could also contribute to the therapeutic effects of memantine (Wei et al. 2012).

The low affinity uncompetitive NMDA receptor antagonist amantadine was test-
ed in a double-blind, placebo-controlled 4-week study in 39 children and adoles-
cents with autism. Parents’ ratings (The Aberrant Behavior Checklist-Community 
Version) of irritability and hyperactivity were not significantly different for the pla-
cebo versus the amantadine group but there were statistically significant improve-
ments in clinician-rated hyperactivity and inappropriate speech (King et al. 2001).

Following encouraging case reports with the antitussive low-affinity, uncompeti-
tive NMDA receptor antagonist dextromethorphan in autism, this agent was tested 
in a double-blind, placebo-controlled study in eight children with autism spectrum 
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disorder and varying degrees of mental retardation. There were no significant ef-
fects found at the group level, leading the authors to conclude that dextrometho-
rphan is not a generally effective treatment for autism (Woodard et al. 2007).

In a pilot study on ten drug-free children with autistic disorder, D-cycloserine, a 
partial agonist of the NMDA receptor-associated glycine site, was reported to im-
prove measures on the CGI-Severity scale and the ABC Social Withdrawal subscale 
(Posey et al. 2004).

The positive modulator of AMPA-sensitive glutamate receptors, piracetam, was 
tested as add-on therapy to risperidone in a 10-week, double-blind, placebo-con-
trolled study in 40 children (piracetam + risperidone: n = 20; placebo + risperidone: 
n = 20) with autistic disorder and was reported to improve total score on the Aber-
rant Behavior Checklist-Community (ABC-C) Rating Scale (Akhondzadeh et al. 
2008).

The glutamate release inhibiting agent lamotrigine was not found to be supe-
rior to placebo in a double-blind, 18-week study in 28 children with autistic disor-
der who were drug-free for at least 1 month before entering the trial (Belsito et al. 
2001). On the other hand, a recent case report with the glutamate release inhibiting 
agent riluzole, used as add-on therapy, described beneficial effects on repetitive 
behaviors and irritability in three individuals (one adolescent and two young adults) 
with autistic disorder (Wink et al. 2011).

Two small clinical trials (one open and one placebo-controlled) with mGluR5 
antagonists showed encouraging results in patients with fragile X syndrome (Berry-
Kravis et al. 2009; Jacquemont et al. 2011). However, there are at present no pub-
lished reports with this type of agents in autism spectrum disorder.

Large-scale double-blind, placebo-controlled studies are needed to consolidate 
the positive reports on some of the glutamatergic agents described above. In addi-
tion, it might be worthwhile testing in autism some compounds that have shown 
promising results in schizophrenia, including D-serine, an agonist of the NMDA 
receptor-associated glycine site (Tsai et al. 1998; Heresco-Levy et al. 2005), the 
glycine transporter 1 inhibitor sarcosine (Tsai et al. 2004) and a metabotropic gluta-
mate 2/3 (mGlu2/3) receptor agonist like LY2140023 (Patil et al. 2007).

An observation that seems to speak against the notion of deficient glutamatergic 
transmission in autism, at least as far as NMDA receptors are concerned, is the 
fact that while chronic use of an NMDA antagonist like phencyclidine can produce 
paranoid delusions and auditory hallucinations, these symptoms are not typically 
seen in autism. However, this may have to do with the time course of the disease. 
For example, autism is clinically evident from birth or at the latest at 3 years of age. 
There is often a severe gating defect, so that incoming stimuli of various modalities 
are grossly reinforced or distorted. To protect the brain from this sensory overload it 
is necessary for the child with autism to more or less completely shut out the outside 
world. A probable prerequisite for the build-up of paranoid delusions is that a non-
autistic individual engages in social interactions and develops relationships with 
other people, but in autism a lack of social interest and interaction is manifested 
from a very early age, presumably partly due to the problems with sensory overload. 
Just as this self-imposed social isolation could explain why paranoid delusions of-



250 M. L. Carlsson

ten do not develop in autism, it could also explain the lack of auditory hallucinations 
(e.g., commanding voices) in this disorder.

12.6  Monoamine Stabilizers as Modulators 
of Glutamatergic Transmission

It is believed that positive and negative corticostriatothalamocortical feedback loops 
exert stimulatory and inhibitory control on psychomotor functions, and an optimal 
balance between the activity levels in these two circuits are thought to be impor-
tant for motor and mental health. Included in these circuits are corticostriatal and 
thalamocortical glutamate neurons. Since these systems are modulated by midbrain 
dopamine neurons, it might be possible to improve a disturbed activity in glutamate 
neurons by treatment with dopaminergic agents. The first generation antipsychotics 
cause severe hypodopaminergia and resultant extrapyramidal side effects, anhedo-
nia and impaired cognition. The second generation antipsychotics are less likely to 
cause extrapyramidal side effects but in general still cause other mental side effects. 
A new principle for modulation of dopaminergic transmission is via stabilization of 
dopamine tone, which means enhancing transmission in hypodopaminergic states 
and dampening transmission in hyperdopaminergic states (see Carlsson et al. 2004).

The dopamine stabilizers OSU6162 and ACR16 have shown efficacy in early 
clinical trials of three different disorders where both glutamate and dopamine are 
in all likelihood involved, i.e., schizophrenia, Huntington’s disease and L-DOPA-
induced dyskinesias in Parkinson’s disease (Tedroff et al. 1999; Gefvert et al. 2000, 
unpublished data; Lundberg et al. 2002; Information from Neurosearch A/S, Den-
mark, published in an International Offering Circular September 22, 2006; see 
Carlsson and Carlsson 2006). In a more recent phase III trial in Huntington’s dis-
ease, improvements in motor symptoms were observed (de Yebenes et al. 2011). In 
two small studies in schizophrenia, OSU6162 has been shown to reduce PANSS 
(positive and negative syndrome scale for schizophrenia) scores, with indications 
of effects on both positive and negative symptoms (Gefvert et al. 2000 and unpub-
lished observations). Schizophrenic patients were described as more sociable fol-
lowing OSU6162 treatment (O. Gefvert, personal communication). Hence, it might 
be worthwhile to test these dopamine stabilizers also in autism spectrum disorders.

(−)-OSU6162, which has a stabilizing effect on rodent behaviour (Rung et al. 
2008), behaves in vivo as a pure antagonist on a binding site of the D2 receptors, 
which is identical with the ordinary (orthosteric) binding site for dopamine itself, 
although with preference for presynaptic autoreceptors and with low affinity for 
postsynaptic receptors. In addition, (−)-OSU6162 has been proposed to act on an 
additional (allosteric) binding site on the dopamine D2 receptor, which leads to a 
stimulation of the receptor (Lahti et al. 2007; Rung et al. 2008).

More recent research has shown that (−)-OSU6162 additionally exerts a stabi-
lizing effect on serotonergic neuronal circuits, acting as a partial 5-hydroxytryp-
tamine 2A receptor (5-HT2A) agonist (Carlsson et al. 2011; Burstein et al. 2011). 
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Interestingly, stimulation of excitatory 5-HT2A receptors has been observed to in-
duce either inhibition or activation of cortical glutamate neurons in a region-spe-
cific manner, depending on whether the location of the 5-HT2A receptor is on the 
pyramidal neuron itself or on a GABAergic interneuron (Marek and Aghajanian 
1994; Aghajanian and Marek 1997). In both cases, by virtue of its partial agonism 
on 5-HT2A receptors, OSU6162 has the potential for a stabilization of glutamater-
gic transmission.

12.7  Concluding Remarks

The evidence suggesting that autism spectrum disorders involve dysfunctional 
brain glutamate systems is strengthened by an increasing number of publications. 
Several studies testing different agents that modulate glutamatergic transmission 
have been conducted but larger placebo-controlled studies are needed. An alterna-
tive possible avenue involves combined dopaminergic and serotonergic stabiliza-
tion which would mediate indirect modulation of glutamatergic systems.
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Abstract Increased blood serotonin in people with autism was first reported over 
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factors for ASD. This review will focus on recent developments regarding serotonin 
in ASD. Recent studies include epidemiology studies linking ASD with conditions 
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environmental animal models, and human pathology and molecular and functional 
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Increased blood serotonin is the earliest biomarker reported for ASD (Schain and 
Freedman 1961). This biogenic amine has remained a focus for the understanding, 
risk and treatment of ASD. Current evidence now suggests that autism is likely to 
be caused by dysfunction of many genes (Zhao et al. 2007). Given that many differ-
ent genes can cause autism, it is striking that 30–50 % of autistic individuals show 
elevated serotonin in the blood (Schain and Freedman 1961; Hoshino et al. 1984; 
Anderson et al. 1987; Cook et al. 1990). Furthermore, there is growing evidence 
that serotonergic transmission is altered by disparate genetic and environmental 
risk factors for ASD. This review will focus on recent developments on serotonin in 
autism. Recent studies include epidemiologic studies linking ASD with conditions 
that alter prenatal serotonin in the fetus, altered serotonin in diverse genetic and 
environmental animal models, and human pathology and molecular and functional 
brain imaging studies.
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13.1  Overview of the Serotonin Pathway

Serotonin is synthesized from the precursor tryptophan, an essential amino acid 
constituting one percent of the total amino acid pool (Hamon et al. 1981). The ma-
jority of tryptophan in blood is bound to plasma protein, with only free plasma 
tryptophan being available for transport into the brain. Tryptophan is transported 
into the brain via the large neutral amino acid carrier (LAT1) where it competes 
for transport with the other large neutral amino acids (Pardridge et al. 1977; Smith 
et al. 1987). The first and rate-limiting step of serotonin synthesis is the formation 
of 5-hydroxytryptophan catalyzed by the enzyme tryptophan hydroxylase (TPH). 
Tryptophan hydroxylase is only 50 % saturated with tryptophan, resulting in the 
dependence of brain serotonin levels on the plasma concentration of free trypto-
phan as well as the plasma levels of the other large neutral amino acids (Fernstrom 
and Wurtman 1971). This dependence of free plasma tryptophan on brain sero-
tonin levels has been exploited to study the effects of tryptophan depletion on brain 
function in adults with ASD (Daly et al. 2012, see below). 5-hydroxytryptophan 
is further metabolized by aromatic amino acid decarboxylase (AADC) to form se-
rotonin (Christenson et al. 1972). Serotonin is metabolized by the enzyme mono-
amine oxidase A (MAOA) to produce its major metabolite 5-hydorxyindoleacetic 
acid (5HIAA) (for review see Bortolato et al. 2008).

The serotonin transporter (5HTT or SERT) mediates uptake of serotonin fol-
lowing release at the synapse and at other sites such as the platelet. The gene for 
the serotonin transporter has 2 forms, the short and the long form, that are common 
in the general population. The short variant of the 5HTT gene has 30–40 % lower 
mRNA expression leading to 50 % lower serotonin uptake than transporters pro-
duced by the long form (Lesch et al. 1996). To date, fifteen receptors for serotonin 
have been identified, and these are expressed in the brain and throughout the body 
where they regulate numerous processes (for review see Berger et al. 2009). In ad-
dition to receptor-mediated mechanisms, serotonin has been recently reported to 
signal through a process called serotonylation (for review see, Walther et al. 2011). 
Serotonylation involves the covalent linkage of serotonin to proteins mediated by 
the enzyme transglutaminase. Linkage of serotonin to GTPases has been reported to 
increase alpha-granule exocytosis in platelets (Walther et al. 2003).

There are 2 genes encoding tryptophan hydroxylase, TPH1 and TPH2 (Sakowski 
et al. 2006). TPH2 is found in the brain and in the gastrointestinal nervous system 
(Zhang et al. 2004), while TPH1 is located in the pineal gland and throughout the 
rest of the body. Many current references suggest that the majority of the serotonin 
synthesized in the body is generated by the enterochromaffin cells in the gastroin-
testinal tract (Gershon and Tack 2007). However, tryptophan hydroxylase is located 
at many peripheral sites, and there have been no studies comparing the amount 
of serotonin produced at all of these sites to that synthesized in the gastrointesti-
nal tract. There is much evidence that TPH1 is ubiquitously distributed and that 
serotonin is involved in many different functions throughout the body. Many of 
these functions might be related to different aspects of autism. In addition to the 
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gastrointestinal tract and the central nervous system, serotonin is synthesized in 
bronchial epithelium, taste papillae, thyroid parafollicular cells, ovaries, thymus, 
pancreas, breast, skin and arteries (Eddahibi et al. 2006; Ortiz-Alvarado et al. 2006; 
Matsuda et al. 2004; Stull et al. 2007; Slominski et al. 2002, Ni et al. 2008). TPH 
and AADC mRNAs are expressed in the heart and serotonin is produced and re-
leased in cardiomyocytes (Ikeda et al. 2005). TPH1 mRNA and TPH protein are ex-
pressed in trigeminal neurons and regulated during the estrous cycle (Berman et al. 
2006). Serotonin plays an important role in mammary gland function. TPH mRNA 
is elevated during pregnancy and lactation and serotonin is present in mammary 
epithelium and in milk (Matsuda et al. 2004). Elevated plasma serotonin in autism 
might also be affected by changes in storage and degradation. Plasma serotonin is 
taken up by platelets through serotonin transporters (Ni and Watts 2006), and is 
cleared by liver and lung endothelium (Nocito et al. 2007). Finally, serotonin and 
tryptophan are very tightly regulated at the fetal/maternal interface in the placenta. 
The serotonin transporter is highly expressed in the brush border membrane of the 
human placenta and may mediate transport of serotonin from the maternal circu-
lation to the developing fetus (Balkovetz et al. 1989). Tryptophan is transported 
competitively at the placenta via the large neutral amino-acid carrier (LAT1) (Kudo 
and Boyd 2002). The placenta expresses TPH2 resulting in serotonin production 
(Correa et al. 2009). In addition, tryptophan in the placenta is catalyzed along the 
kynurenine pathway by tryptophan 2,3-dioxygenase and indoleamine 2,3-dioxy-
genase (IDO), both of which are expressed in the placenta and have a vital role in 
the prevention of allogeneic rejection of the fetus (Munn et al. 1998) and regulation 
of feto-placental blood flow in late gestation (Ligam et al. 2005). Finally, Bonnin 
et al. (2011) demonstrated that serotonin in the forebrain during the early fetal pe-
riod in the rat has its origin in the placenta. Studies in mice deficient in peripheral 
serotonin synthesis have shown that maternal serotonin production is crucial for 
normal fetal neurogenesis and development (Cote et al. 2007).

13.2  Elevated Blood Serotonin in Autism

As mentioned above, elevated serotonin in ASD is a long-standing (Schain and 
Freedman 1961) and replicated finding (Hoshino et al. 1984; Anderson et al. 1987; 
Cook et al. 1990), and extended with the recognition that blood serotonin is also 
elevated in the first degree relatives of autistic individuals (Leventhal et al. 1990; 
Piven et al. 1991; Cook et al. 1994; Leboyer et al. 1999). The mechanism for the 
elevated platelet serotonin may be due to increased exposure to serotonin or altered 
handling of serotonin, as recently examined by Anderson et al. (2012). Based on 
the lack of difference in the serotonin concentration in platelet poor plasma in sam-
ples from an ASD group, an ASD subgroup with hyperserotonemia and a control 
group, these authors suggest that hyperserotonemia may be more related to platelet 
handling of serotonin than exposure to serotonin. Mechanisms they discussed for 
further study included study of the transporter, the granular transporter and dense 
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granule storage mechanisms, serotonin release processes and platelet activation. In 
this regard, Veenstra-VanderWeele et al. (2012) developed a mouse model based 
upon the SERT Ala56 variant that is over-transmitted to ASD probands. The SERT 
Ala56 mouse model showed hyperserotonemia, consistent with a role of the trans-
porter in elevated blood serotonin. However, this mechanism does not explain most 
cases of hyperserotonemia, as mutations in SERT are not found in the majority of 
cases of ASD.

13.3  Serotonin and Human Brain Pathology in Autism

Given the long standing recognition of altered serotonin in the blood in those with 
ASD, it is surprising that studies of serotonergic markers in postmortem brains from 
persons with ASD have not been examined until recently. Two reports from the 
same group have reported increased serotonin transporter immunoreactivity in hu-
man postmortem brains from individuals with autism aged 2–29 years (Azmitia 
et al. 2011a, b). Increased SERT immunoreactivity was demonstrated for the prin-
ciple ascending fiber bundles of the medial and lateral forebrain bundles, Ansa len-
ticularis and stria terminalis, and in the innervation density of the globus pallidus, 
amygdala, and in the piriform, superior temporal and parahippocampal cortices. In 
addition, in cases over 8 years of age, the presence of thick, heavily stained dys-
trophic axons were observed. In contrast, Oblak et al. (2013) reported significant 
reduction in the density of SERT binding in the deep layers of the fusiform gyrus 
and normal binding levels in the superficial layers of the fusiform gyrus, as well 
as in both layers of the posterior cingulate cortex. The same investigators reported 
significant reductions in 5-HT1A receptor-binding density in superficial and deep 
layers of the posterior cingulate cortex and fusiform gyrus and reduced density of 
5-HT2A receptors in superficial layers of the posterior cingulate cortex and fusi-
form gyrus. Differences in the results between the immunocytochemistry studies 
and the binding studies for SERT may be due to the use of different brain regions, 
differences in age or use of different investigational techniques. However, molecu-
lar imaging studies have reported SERT binding in both children and adults with 
ASD, including some of the same brain regions that showed an increase SERT im-
munoreactivity (see below).

13.4  Molecular Imaging of Serotonin Precursor, 
Transporter and Receptor Studies

In the earliest molecular imaging studies of serotonin in ASD, Chugani et al. (1997) 
applied alpha[C-11]methyl-L-tryptophan (AMT) as a PET tracer in children with 
autism. AMT, which was developed as a tracer for serotonin synthesis with PET 
(Diksic et al. 1990), is an analogue of tryptophan, the precursor for serotonin 
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synthesis. Two types of serotonergic abnormality were found in children with au-
tism (Chugani et al. 1997, 1999; Chandana et al. 2005). The first was altered whole 
brain serotonin synthesis capacity in autistic children compared to age matched 
nonautistic children. Serotonin synthesis capacity was greater than 200 % of adult 
values until the age of 5 years followed by a decline to adult values in non-autis-
tic children. In contrast, serotonin synthesis capacity in autistic children increased 
gradually between the ages of 2 years and 15 years to values 1.5 times the adult 
normal values (Chugani et al. 1999). These data suggested that developmental regu-
lation of brain serotonin synthesis capacity postnally in humans, was disrupted in 
children with autism. Secondly, focal symmetries of AMT uptake in frontal cortex, 
thalamus and cerebellum were visualized in children with autism, suggesting a role 
of the dentato-thalamo-cortical pathway in autism (Chugani et al. 1997). Subse-
quently, the same group measured brain serotonin synthesis in a large group of 
autistic children ( n = 117) with AMT PET and related these data to handedness and 
language function (Chandana et al. 2005). Autistic children with left cortical AMT 
decreases showed a higher prevalence of severe language impairment, whereas 
those with right cortical decreases showed a higher prevalence of left and mixed 
handedness. These results suggest that global as well as focal abnormally asym-
metric development in the serotonergic system could lead to miswiring of the neural 
circuits specifying hemispheric specialization.

Decreased serotonin transporter binding has been reported in both children and 
adults with autism. Makkonen et al. (2008) using the SPECT tracer [123I]  nor-beta-
CIT labeling both the dopamine and serotonin transporter, reported reduced sero-
tonin transporter binding capacity in medial frontal cortex, midbrain and temporal 
lobes. Similarly, Nakamura et al. (2010) reported decreased serotonin transporter 
binding throughout the brain in adults with autism (20 men, 18–26 years) using 
[11C]McN-5652 imaged with PET. Furthermore, the reduction in binding in anterior 
and posterior cingulate cortices was correlated with impairment in social cognition, 
while the reduction in serotonin transporter binding in the thalamus was correlated 
with repetitive and/or obsessive behavior. In contrast, Girgis et al. (2011) reported 
no significant difference in brain serotonin transporter binding, measured with [11C]
DASB and PET, in a group of 8 adults with Asperger’s Disorder (mean age 29.7 
years) and 8 healthy control subjects matched for age, gender, and ethnicity. All 
subjects in this study had normal intelligence, while this was not the case for the 
other studies reporting changes in serotonin transporter binding.

Serotonergic neurotransmission was also studied using tracers for receptor bind-
ing. Murphy et al. (2006) measured 5HT2A receptors in eight men with Asperger’s 
Syndrome (mean age 26 years) using the SPECT tracer [123I]5-I-R91150, compared 
to 10 healthy age-matched men. The group with Asperger’s Syndrome has signifi-
cantly reduced serotonin receptor binding in total, anterior and posterior cingulate 
cortex, bilaterally in frontal and superior temporal lobes and in the left parietal lobe. 
Interestingly, there were significant correlations with qualitative abnormalities in 
social interaction and binding reductions in anterior and posterior cortices, as well 
as right frontal cortex. More recently, 5-HT2 receptor distribution was measured 
with the PET tracer [18F] setoperone in six high functioning autistic adults compared 



262 N. Benza and D. C. Chugani

to ten matched control subjects (Beversdorf et al. 2012). In this study, reduced se-
rotonin receptor binding was found in thalamus, and there was a negative relation-
ship between thalamic binding and history of language impairment. Goldberg et al. 
(2009) compared the parents of children with autism (19 parents from 11 families, 
8 females, 11 males) compared to adults who do not have children with autism (9 
females, 8 males). The cortical 5HT2 binding potential, using [18F]setoperone, to 
measure cortical serotonin type-2 receptor (5-HT2) using PET, was significantly 
lower in the autism parent group compared to the control group. Furthermore, the 
5HT-2 binding potential was inversely correlated with platelet serotonin levels in 
the parent group. These results are interesting in light of family members having 
what has been described as the broader phenotype of autism. Finally, Girgis et al. 
(2011) reported no difference in 5HT2A receptor binding in a PET study using the 
tracer [11C]MDL 100907 in a group of 17 adults with Asperger’s Disorder (mean 
age 34.3) compared to 17 healthy matched adults.

In summary, molecular imaging studies provide convincing evidence of altered 
serotonergic neurotransmission in both children and adults with autism, as well 
as in parents of autistic individuals. Decreased serotonin transporter and 5HT2A 
binding measured in vivo using molecular imaging techniques are consistent with 
postmortem binding studies (Oblak et al. 2013). These studies are discordant with 
postmortem immunocytochemistry studies reporting increased serotonin immuno-
reactivity (Azmitia et al. 2011a, b). The reason for the discrepancy between the 
binding and immunocytochemistry studies might offer clues regarding the nature 
of alterations in serotonergic fibers. For example, these results considered together, 
might indicate fewer serotonergic fibers with remaining serotonergic fibers show-
ing higher density of transporters.

13.5  Serotonin and Functional Imaging

In addition to molecular imaging studies that use radiolabeled ligands and substrates 
to measure serotonergic metabolism, transport and receptor systems, functional 
MRI (fMRI) has been applied in adults with ASD following pharmacological ma-
nipulation of the serotonergic system using either tryptophan depletion or treatment 
with the selective serotonin reuptake inhibitor (SSRI) fluoxetine. Following treat-
ment to decrease blood tryptophan, which has been long demonstrated to decrease 
brain serotonin (Moja et al. 1988, 1989), Daly et al. (2012) reported altered brain 
activation as measured by blood oxygenation labeled dependent (BOLD) response 
measured with fMRI to face emotion in adults with ASD compared to matched 
control subjects. Furthermore, the differences in brain activation varied by emo-
tion, and brain regions showing altered brain activation in the ASD group include 
brain regions showing focal abnormalities in serotonin synthesis, and decreased 
numbers of receptors and transporter in the molecular imaging studies. The same 
group (Chantiluke et al. 2014) studied the effects of fluoxetine on medial prefrontal 
activation during a reward reversal learning task in boys with autism compared to a 
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matched group of typically developing boys. This study showed that while placebo 
treatment was associated with decreased activation of the medial prefrontal cortex 
during the performance of the task in the ASD group, fluoxetine treatment lead to 
normalization of the activation in boys with ASD compared to controls. Despite 
normalization of brain activation in this study, the fluoxetine treatment did not im-
prove behavioral performance on the task. Altered function related to serotonergic 
function in medial prefrontal cortex is consistent with decreased serotonin trans-
porter binding in this region as reported by Makkonen et al. (2008).

The pharmacological treatments combined with fMRI measure of brain activa-
tion complement the postmortem and molecular imaging studies by assessing the 
functional significance of altered serotonergic neurotransmission in different brain 
regions. These results might be due to differences during brain development and 
ongoing changes in serotonergic mechanisms.

13.6  Genetic Evidence Linking Serotonin to Autism

Because of the long-standing link between serotonin and ASD, the serotonin trans-
porter, its receptors and pathway enzymes have been studied as candidate genes for 
ASD. The serotonin transporter has 2 isoforms, the short and the long forms, that 
are common in the general population. The short variant of the 5HTT has 30–40 % 
lower mRNA expression and 50 % lower serotonin uptake than the long form (Lesch 
et al. 1996). There have been conflicting reports regarding the relative roles of the 
short and long forms in autism (reviewed in Devlin et al. 2005). More recently, the 
short allele of the 5HTT receptor was associated with higher gray matter volume in 
young boys with autism (Wassink et al. 2007). Altered serotonin synthesis, turnover 
and dynamic regulation in multiple brain regions have been reported in mice lack-
ing the serotonin transporter (Kim et al. 2005). Veenstra-VanderWeele et al. (2012) 
reported that the SERT Ala56 variant was over-transmitted to ASD probands, but 
that it was also seen in some unaffected individuals, suggesting that associated ASD 
risk is influenced by the interaction of the SERT variant with other genetic factors. 
Subsequently, the same group showed that mice expressing the SERT Ala56 variant 
on a 129S6/S4 genetic background display multiple biochemical, physiological and 
behavioral changes, including hyperserotonemia, altered 5-HT receptor sensitiv-
ity, and abnormal social, communication, and repetitive behavior. The same group 
(Kerr et al. 2013) examined the effect of this same mutation on different mouse 
backgrounds. Presence of the SERT Ala56 variant on the B6 background caused a 
significant increase in mutant pup ultrasonic vocalizations, whereas vocalizations 
were decreased on the 129 background. Further, hyperserotonemia, 5-HT receptor 
hypersensivity, and repetitive behavior were not observed on the B6 background. 
These studies combined, demonstrated how epistatic interactions can modulate the 
effect of genetic mutations and how genes may modulate the risk of ASD.

Blood serotonin levels have been linked to an interaction of the serotonin trans-
porter gene (SLC6A4) and integrin beta3 (ITGB3) (Weiss et al. 2006a, b). This 
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finding was recently replicated and additional interactions between these 2 genes 
were found, including an additive effect of the HTR5A gene, an interaction of TPH1 
and SLC6A4, and an interaction between 5HTR1D and SLC6A4 for blood sero-
tonin level (Coutinho et al. 2007). Whyte et al. (2014) examined the effect of Itgb3 
on SERT function using a mouse genetic approach. Using isolated synaptoneuro-
somes and citalopram binding, they reported significant Slc6a4-driven reductions 
in SERT expression in midbrain synapses, but no significant changes in hippocam-
pal or cortical regions. They also measured 5-HT uptake activity in synaptoneu-
rosomal preparations. Itgb3 heterozygous mice displayed significant reductions in 
5HT Vmax, with no changes in Km, in midbrain preparations. These results support 
an interaction of SLC6A4 and ITGB3 in the regulation of serotonergic systems in 
midbrain but not cortical and hippocampal serotonin synapses.

Several studies report association of genes that may impact serotonin metabo-
lism in autism. Single nucleotide polymorphisms in introns 1 and 4 of TPH2, the 
brain specific form of tryptophan hydroxylase, showed an association with autism 
(Coon et al. 2005). Brain serotonin synthesis in mouse strains differs depending 
on a single nucleotide polymorphism in the Tph2 gene (Siesser et al. 2010). Based 
upon this Tph2 polymorphism, the BALB/c strain shows lower brain serotonin syn-
thesis, although serotonin levels were not significantly altered. Behavioral studies 
of the BALB/c strain have shown low sociability and other phenotypes relevant to 
ASD (Brodkin 2007). Kane et al. (2012) analyzed mice lacking brain serotonin via a 
null mutation in the Tph2 gene for behaviors that are relevant to ASD. Mice lacking 
brain TPH2 showed substantial deficits in validated tests of social interaction and 
communication, as well as repetitive and compulsive behaviors. Newborn TPH22/2 
mutant mice showed diminished preference for maternal scents over the scent of an 
unrelated female. The authors conclude that lack of serotonin during development 
could lead to ASD behavioral traits.

There are several studies linking genetic variation in the MAOA gene to ASD. 
Cortical enlargement in autism was reported to be associated with the “low activ-
ity” allele of the MAOA gene (Davis et al. 2008). Jones et al. (2004) reported that 
maternal genotypes containing specific polymorphisms at the MAOA locus show 
significant negative effects on the intelligence quotient (IQ) in children with autism. 
These results are consistent with those of a study which found that a low activity 
MAOA allele, due to an upstream variable-number tandem repeat region, is associ-
ated with both lower IQ and more severe autistic behavior in children, as compared 
to the high-activity allele (Cohen et al. 2003). Tassone et al. (2011) also reported 
an association of ASD with repeats in the MAOA promoter. They found that boys 
carrying 4 tandem repeats in the promoter region of the MAOA gene showed a 
2-fold higher risk of autism or other forms of ASD than those carrying allele 3. 
They also found that mothers homozygous for the 4 tandem repeat allele showed 
at least a 3-fold higher risk for having a child with ASD than mothers homozygous 
for allele 3. Tassone et al. concluded that the functional MAOA promoter allelles 
in male children and mothers play a role in the risk for ASD. Finally, Verma et al. 
(2013) analyzed 8 MAOA markers in 421 subjects including cases and ethnically-
matched controls from West Bengal. MAOA marker, rs6323 and haplotypes formed 
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between the markers showed a significant association with the ASD. In addition, 
gender stratification showed significant genetic effect of rs6323 with low activity 
T allele posing higher risk of ASD in males, but not in females. Taken together, 
genetic differences in genes for enzymes involved in the synthesis and degrada-
tion of serotonin play a role in the risk for ASD and associated phenotypes such as 
brain enlargement and intellectual disability. In addition, these studies suggest that 
serotonin alterations in mothers and gender may also play a role in the risk for ASD.

Metabolism of tryptophan by other metabolic pathways may also affect sero-
tonin synthesis, due to the dependence of brain serotonin synthesis on plasma tryp-
tophan levels (Fernstrom and Wurtman 1971). One such study reports the presence 
of a susceptibility mutation in a promoter variant of the tryptophan 2,3 dioxygenase 
gene (Nabi et al. 2004). Tryptophan 2,3-dioxygenase is a rate-limiting enzyme in 
the metabolism of tryptophan by the kynurenine pathway. A mutation that results in 
decreased activity of this enzyme could decrease the metabolism of tryptophan by 
this pathway and increase the level of whole body serotonin content.

13.7  Altered Serotonin in Autism Caused by Genes not 
Related to Serotonin

In addition to genetic variation in genes directly involved with serotonergic func-
tion, there is evidence that serotonergic function is altered in humans and in animal 
models having genetic changes associated with ASD. These genetic changes in-
clude mutations involved in causation of Rett syndrome, 15q duplication syndrome 
and Fragile X syndrome. There are several studies showing alterations in seroto-
nergic neurotransmission in Rett syndrome, as well as in the MECP2-null mouse 
model of Rett syndrome. Decreased levels of the serotonin metabolite 5HIAA were 
reported in the CSF from 32 patients with Rett syndrome compared to age matched 
control subjects (Zoghbi et al. 1989). Serotonin concentrations in whole brains from 
mecp2-null mice showed no differences at birth, but were significantly lower at 42 
days of age compared to wild-type mice (Ide et al. 2005). However, these changes 
were not specific to serotonin and changes in other transmitters were also reported. 
Further evidence that the serotonergic system is involved in MeCP2, is the report 
that the selective serotonin uptake inhibitor fluoxetine induced up regulation of 
Mecp2_e1 and Mecp2_e2 transcripts in adult rat brain (Cassel et al. 2006). Samaco 
et al. (2009) confirmed lower serotonin metabolite 5HIAA in the cerebral spinal 
fluid of 64 individuals with Rett syndrome and decreased serotonin in Mecp2-null 
male mice. In addition, this study deleted Mecp2 in serotonergic neurons positive 
for the marker PET-1 and showed decreased levels of serotonin and decreased ex-
pression of TPH2. These data suggest that Mecp2 is involved in the regulation of 
serotonin synthesis by promoting the transcription of TPH2.

The duplication of human chromosome 15q11-13 is a chromosome rearrange-
ment associated with ASD (Cook et al. 1997). Tamada et al. (2010) studied sero-
tonin signaling in a mouse model in which chromosome 7C (orthologous to human 
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chromosome 15q11-13) was duplicated. In this study, compared to wild type mice, 
there were decreased serotonin levels measured at 1, 2 and 3 weeks of age in cer-
ebellum, cerebral cortex, hippocampus, hypothalamus, midbrain and pons. In adult 
animals, serotonin levels remained decreased in midbrain.

Fragile X syndrome is caused by a CGG expansion greater than 200 repeats in 
the 5' untranslated region in the fragile X mental retardation 1 gene, encoding the 
fragile X mental retardation 1 protein (FMRP), and is a leading single gene cause 
of autism (Hagerman et al. 2010). Zhang et al. (2005) used a Drosophila model 
and a proteomic approach to find targets of dFMRP in the brain. They found two 
upregulated enzymes, phenylalanine hydroxylase (Henna) and GTP cyclohydro-
lase (Punch), which mediate the dopamine and serotonin synthetic pathways. They 
confirmed a nearly 2-fold elevation of Punch activity in dfmr1 null mutants and 
significantly increased dopamine and serotonin in dfmr1 null mutants.

Thus, serotonin mechanisms may be impacted by disparate genetic risks for 
ASD. These examples illustrate that in the different disorders serotonin levels can 
be decreased or increased. Furthermore, changes in serotonergic function may dif-
fer depending on the developmental stage. These results have implications for phar-
macological treatments aimed at serotonergic function.

13.8  Environmental Exposures and ASD

There is evidence for increased risk of autism with several environmental expo-
sures. Three types of exposure will be discussed here as they relate to serotonin: 
prenatal antidepressants acting at the serotonin transporter (SSRIs), prenatal so-
dium valproate and maternal infection/inflammation. A recent epidemiology study 
reported a modest increased risk for ASD in offspring of mothers taking antide-
pressants, which inhibit serotonin uptake by the serotonin transporter (Croen et al. 
2011). However, Hviid et al. (2013) did not replicate a significant association be-
tween maternal use of SSRIs during pregnancy and autism spectrum disorder in 
the offspring, although their study could not rule out a relative risk of up to 1.61. 
Animal studies of SSRI treatment during pregnancy have demonstrated changes in 
brain development and behavior. For example, Smit-Rigter et al. (2012) reported 
changes in cortical cytoarchitecture and anxiety in mice exposed to the SSRI fluox-
etine in utero. Further study is required to determine the risk for the development of 
ASD with antidepressant treatment in pregnant women.

Epidemiological studies have shown increased risk of developing ASD due to 
in utero exposure to the anticonvulsant sodium valproate (Christensen et al. 2013; 
Bromley et al. 2013). Among other changes, the rodent valproate model of ASD 
shows changes in serotonergic function (Wang et al. 2013). In this model, there 
was increase tryptophan hydroxylase immunoreactivity in the dorsal and medial 
raphe nuclei and an increase number of TPH immunoreactive neurons in the me-
dial raphe but not in the dorsal raphe of the valproate-exposed group. Using the 
SERT ligand [123I]ADAM and small animal SPECT, valproate exposed animals 
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showed an increase in the uptake of [123I]ADAM in the amygala. Furthermore, long 
term potentiation (LTP) was shown to be enhanced in the lateral amygdala at tha-
lamic-amygdala synapses (Lin et al. 2013). Treatment of amygdala slices with the 
5HT1A agonist 5-OH-DPAT reversed the excitatory/inhibitory imbalance in tissue 
from VPA-exposed animals, as measured by the miniature excitatory postsynaptic 
currents and paired pulse facilitation. Furthermore, chronic treatment with 5-OH-
DPAT improved social deficits and fear extinction memory in the valproate exposed 
animals.

Case reports and epidemiological studies have linked autism risk to prenatal 
viral infections, such as cytomegalovirus, herpes simplex virus, rubella, measles, 
and mumps (Chess 1971; Deykin and MacMahon 1979; Ghaziuddin et al. 1992; 
Mason-Brothers et al. 1990; Yamashita et al. 2003). In a more recent epidemiologic 
study, Zerbo et al. (2013) showed no overall association between diagnoses of any 
maternal infection during pregnancy and ASD (Zerbo et al. 2013). However, this 
study did find an increased risk for ASD when maternal infection was diagnosed 
during a hospital admission. The risk was higher for bacterial infections. Maternal 
intrauterine inflammation resulting in immune dysfunction during development has 
been implicated in the development of neurodevelopmental disorders such as au-
tism, schizophrenia, and cerebral palsy (Fatemi et al. 2008). A common link among 
these disorders appears to be the presence of activated microglia and evidence for 
immune dysregulation in the developing brain (Patterson 2009). Brain tissues of 
autistic patients were found to have increased number of activated microglia and 
astrocytes along with an increase in the levels of proinflammatory cytokines (Var-
gas et al. 2005). One link between maternal infection and intrauterine inflammation 
and fetal brain development may be the transport and metabolism of serotonin and 
its precursor tryptophan in the placenta. As kynurenine pathway enzyme IDO is 
induced by the cytokine interferon-γ, it is upregulated in the placenta with mater-
nal infection (Mackler et al. 2003). Intrauterine infections in women are associated 
with upregulation of kynurenine pathway enzyme mRNA expression in the placenta 
(Manuelpillai et al. 2005). Increased metabolism of tryptophan by the kynurenine 
pathway at the placenta may result in abnormalities in fetal brain development be-
cause of decreased tryptophan available for serotonin synthesis and the neurotoxic 
effects of kynurenine metabolites (Stone 2001). ASD animal models of maternal 
inflammation have shown alterations in brain serotonin in the postnatal brains. Viral 
infections in the prenatal period have been associated with alterations in serotonin 
in the cerebellum of P14 mice (Winter et al. 2008). Maternal intrauterine endotoxin 
administration in a rabbit model results in microglial activation in the brain of the 
newborn rabbit (Kannan et al. 2007) and decreased serotonin synthesis in the cor-
tex of the neonatal rabbit (Kannan et al. 2011). Kannan et al. (2011) demonstrated 
that maternal intrauterine endotoxin administration decreased multiple serotonergic 
markers in the offspring. Tryptophan metabolism to serotonin as measured by AMT 
PET in vivo, and serotonin levels in the frontal and parietal cortices measured in vi-
tro, were significantly decreased following intrauterine endotoxin exposure. In ad-
dition to the decreased serotonin content, there was a loss of serotonin-immunore-
active terminals and decreased expression of 5HTT measured in the parietal sensory 
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cortex of endotoxin-exposed. In contrast, serotonergic raphe nuclei cell bodies and 
TPH2-positive cortical fibers were intact in the endotoxin-treated kits. The authors 
concluded that the loss of serotonin-immunoreactive fibers in the cortex was due 
to loss of thalamic neurons and thalamocortical afferents that transiently express 
5HTT to uptake and store serotonin during development. Diminished serotonin 
signaling during development due to intrauterine inflammatory mechanisms may 
result in defects in thalamocortical circuit formation. These results are significant 
because they demonstrate that maternal intrauterine inflammation can disrupt the 
serotonergic developmental regulation of thalamocortical innervation in somato-
sensory cortex of newborn rabbit kits.

13.9  Conclusions

Although a role for serotonin in ASD has been known for over 50 years, mecha-
nisms by which serotonin may be altered in ASD are only now being elucidated. 
This new understanding of the role of serotonin in autism has been aided by tech-
nological advances, including the discovery of autism risk genes and the ability to 
model these genetic variants in animal models. Molecular and functional imaging 
techniques now offer insight into altered serotonin function in vivo in human brain. 
Understanding of how prenatal factors such as maternal inflammation, maternal an-
tidepressant use, and maternal genetic factors such as MAOA variants may lead to 
new strategies for the prevention of ASD. Understanding how different genetic fac-
tors affect serotonin may lead to individualized pharmacotherapy targeting different 
aspects of serotonergic function. Finally, understanding how serotonergic function 
during development differs in ASD may guide treatments aimed at particular points 
during development.
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Abstract Oxytocin (OT) and arginine vasopressin (AVP) are two small, related 
neuropeptides found in many mammalian species, including humans. These neuro-
peptides are associated with a range of social behaviors and their dysregulation has 
been associated with deficits in social behavior. In particular, the OT neuropeptide 
system has been investigated in Autism Spectrum Disorder (ASD), as well as in 
Prader-Willi Syndrome (PWS), Williams Syndrome (WS) and Fragile X Syndrome 
(FXS), all of which are characterized by marked social deficits. PWS, WS and FXS 
are caused by identified genetic mutations and provide insight into the developmen-
tal influences of the OT system. In particular, FXS is caused by a mutation in a sin-
gle gene and up to 47 % of patients with FXS are diagnosed with ASD or also have 
autism related behaviors. Animal models of genetic neurodevelopmental disorders 
(NDD) are becoming a valuable tool to examine the role and relatedness of OT and 
AVP in the developing brain. We provide an example of how OT and AVP systems 
are altered with a mutation in the mouse Fragile X mental retardation 1 ( Fmr1) gene 
which leads to FXS-like symptoms in Fmr1 knockout (KO) mice. By studying the 
OT and AVP systems in these rare disorders, we may further understand their mech-
anisms of action in ASD and in typical development. This chapter will summarize 
the current data pertaining to these NDD and the systems of OT and AVP.
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14.1  Introduction to OT & AVP Neuropeptide Hormones

Oxytocin (OT) and arginine vasopressin (AVP) are small mammalian neuropeptides 
nine amino acids in length, differing from each other by only two amino acids. 
OT is produced primarily in hypothalamic nuclei, including the supraoptic (SON) 
and paraventricular nuclei (PVN). AVP is also synthesized in the PVN and SON. 
However in males, additional brain regions including the amygdala and the bed 
nucleus of the stria terminalis (BNST) also produce AVP. OT and AVP of hypotha-
lamic origins are transported from the SON and PVN to the mammalian posterior 
pituitary by neurosecretion where they are released into the blood stream, acting as 
hormones on target tissues. In addition, both OT and AVP are capable of moving 
throughout the central nervous system (CNS) via diffusion in the cerebral spinal 
fluid (CSF; Neumann and Landgraf 2012). The peptide producing oxytocin gene 
(OXT) is homologous with its evolutionarily related, vasopressin (AVP) gene. The 
human OXT and AVP genes are linked on chromosome 20p13 and are positioned in 
opposite transcriptional orientations, while separated by only 12 kb of DNA. Both 
have specific receptors, but their close evolutionary relationship permits cross-talk 
and interacting molecular systems. These neuropeptide hormones have receptors in 
various brain regions and throughout the body, including areas that are important 
for regulating social behavior and reactivity to stressors.

In both, the human and mouse genomes OT and AVP peptide genes are located 
adjacently on the same chromosome. Often, the blood levels of both peptides are 
highly correlated (Dai et al. 2012) suggesting a coordinated release. The receptors 
for both peptides are localized in specific areas of the nervous system, particularly 
in the brainstem and areas that play a role in social, adaptive behaviors, or in the 
regulation of the hypothalamic-pituitary-adrenal axis (HPA) and autonomic nervous 
system (ANS; Lim et al. 2004). Because OT and AVP are closely related and have 
the ability to act on the other’s receptors, it has been proposed that they evolved 
to interact and sometimes have opposing physiological effects. For example, both 
hormones have been shown to affect the control of the autonomic nervous system 
(ANS), with OT having primarily parasympathetic actions, and AVP serving as both 
a central and peripheral regulatory component of the sympathetic nervous system 
and HPA axis (Sawchenko and Swanson 1985; Kenkel et al. 2012). However, high 
levels of neuropeptides can be partial agonists for their homologous receptors and 
may result in AVP and OT pathway interactions (Chini et al. 1996).

Of particular importance in neurodevelopmental disorders (NDD) is the fact that 
OT and AVP can modulate social and repetitive behavior, as well as other manifes-
tations of anxiety and state regulation (Carter 2007). Animal research has gener-
ally associated OT release or exposure with positive sociality, reduced anxiety and 
lower levels of reactivity to stressors (Carter 1998; Neumann and Landgraf 2012). 
AVP can influence anxiety and the regulation of the HPA axis and stress responses. 
In general, central AVP is described as anxiogenic (Landgraf and Wigger 2003). 
However, there also is evidence in rats that the effects of AVP are brain region spe-
cific and dose-dependent. For example, AVP may be anxiolytic if given in low doses 
(Appenrodt et al. 1998).
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Mouse knockout (KO) studies of the OT receptor (OXTR) or OT regulators 
have reported decreased social memory or recognition (Jin et al. 2007; Ferguson 
et al. 2000; Takayanagi et al. 2005). Oxtr KO mice also showed decreased cognitive 
flexibility and a resistance to change learned pattern of behavior, comparable to 
restricted/repetitive interests (Sala et al. 2011). Both social deficits and behavioral 
rigidity were ameliorated by OT administration (Sala et al. 2011). The finding that 
OT continues to have effects in Oxtr KO mice supports the hypothesis that OT 
can influence behavior through other receptors, particularly the AVP receptors (e.g. 
AVPR1A and/or AVPR1B). Given the influence of these neuropeptides on brain 
regions affecting both social and repetitive behaviors, modulation of OT and AVP 
pathways are being explored as treatment targets for Fragile X Syndrome (FXS) and 
Autism Spectrum Disorders (ASD).

These studies set the stage for a series of recent studies of the effects of exogenous 
OT treatments in humans (Ebstein et al. 2012; Macdonald and Feifel 2013). For 
example, intranasal OT (IN-OT) administration in healthy human males increased 
prosocial behaviors and trust, especially as measured by computerized economic 
games (Baumgartner et al. 2008; Kirsch et al. 2005; Kosfeld et al. 2005). IN-OT 
may also increase gaze toward the eye region of faces (Guastella et al. 2008), and 
has been associated with improved facial memory (Rimmele et al. 2009), enhanced 
salience of social cues (Shamay-Tsoory et al. 2009), and improved performance on 
the reading the mind in the eyes task (RMET; Domes et al. 2007).

As previously reviewed, OT has been found to have anxiolytic effects, improve 
social interactions, reduce fear, and improve the ability of healthy volunteers to 
interpret subtle social cues (Macdonald and Macdonald 2010). In addition, OT dys-
function has been associated with neuropsychiatric disorders such as ASD in human 
studies (Ishak et al. 2011; Domes et al. 2007; Winslow and Insel 2004). By 2010, 
there were over 20 OT administration studies, which included ASD, schizophrenia, 
postpartum depression, posttraumatic stress disorder (PTSD), and irritable bowel 
syndrome (Macdonald and Macdonald 2010). As IN-OT has been associated with 
alterations in social decision-making, processing of social stimuli, certain social be-
haviors such as eye contact, and social memory, there has been a growing number of 
studies investigating its abilities to treat a range of neurobehavioral disorders.

14.2  Autism Spectrum Disorder and OT/AVP

In 1943, Leo Kanner described a male patient as having “stereotyped movements 
[and] … repetitions carried out in exactly the same way in which they had been 
performed originally” and also noted his social communication such that “he 
always seemed to be parroting what he had heard said to him at one time or another 
….Words to him had a specifically literal, inflexible meaning. He seemed unable to 
generalize, to transfer an expression to another similar object or situation” (Kanner 
1943). This group of symptoms later extended and described in detail is currently 
known as ASD. As described in the DSM-5 (American Psychiatric Association 
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2013), it is characterized by persistent deficits in social communication and social 
interaction across multiple contexts, and the diagnosis requires the presence of re-
stricted, repetitive patterns of behaviors, interests, or activities. ASD is a heritable 
(Bailey et al. 1995) and highly heterogeneous disorder, caused by familial genetic 
risks in addition to possible gene-environment interactions during early develop-
ment (Chaste and Leboyer 2012). Individuals with ASD may also have comorbid 
anxiety disorders, irritability and aggression, and come to clinical attention due to 
difficulties at home and school related to their communication deficits and restrict-
ed interests.

It was suggested by a number of researchers, including Waterhouse et al. as early 
as 1996, that dysfunction in the OT and AVP systems might contribute to the atypi-
cal social behaviors in ASD (Waterhouse et al. 1996). One of the first examinations 
of the association of OT specifically and ASD showed that children with ASD have 
low levels of plasma OT (Modahl et al. 1998). In particular, a subgroup of this 
sample identified as aloof using Wing’s diagnostic topology had the lowest levels, 
suggesting that those with the most severe socially aloof symptoms had more OT 
dysfunction. Building on these results with the same sample, it was also shown that 
there was an increase in OT-Gly, OT-Gly-Lys, and OT-Gly-Lys-Arg peptides, col-
lectively known as OT-X precursors for OT, as well as an increase in the ratio of 
OT-X/OT, associated with the reduction in OT seen in the patients with ASD (Green 
et al. 2001). There was also a positive correlation between OT-X and checklist items 
associated with ASD, including stereotypies, while OT-X correlated negatively with 
an item describing atypical comfort-giving within the ASD group. Consequently, 
changes in OT processing, specifically a failure to completely process the prohor-
mone OT-X, might lead to a deficiency in OT and thus exacerbate some of the 
symptoms of ASD. To our knowledge this study has not been replicated. However, 
other studies done in older patients have failed to report an OT deficiency, or have 
reported higher than expected OT levels in their ASD samples (Jansen et al. 2006; 
Miller et al. 2013). Future research will need to determine if differences in results 
of OT levels in individuals with ASD compared to controls reflect differences in 
the study populations and/or methods for assaying OT. It should be noted that these 
studies often prepared samples differently with varying plasma processing/extrac-
tion methods, and used different assay techniques. Additionally, ASD population 
differences included varying ages and recent data has suggested that some blood 
biomarkers like OT may change after puberty (Hammock et al. 2012). In addition, 
ASD is a very heterogeneous disorder and OT level differences may be specific to 
clinical and etiological subgroups within the broader ASD population.

14.2.1  Intranasal OT Studies in ASD

Currently medications for ASD concentrate on alleviating certain symptoms. Ris-
peridone and aripiprazole may be used for irritability, whereas guanfacine and cloni-
dine are used off label for aggression, and selective serotonin reuptake inhibitors 
(SSRI; i.e. escitalopram, fluoxetine, and sertraline) are used to treat anxiety or 
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depression (Owley et al. 2010; Jaselskis et al. 1992). Recently, OT has been investi-
gated to target the treatment of ASD’s core symptoms, social deficits and restrictive 
and repetitive behaviors (RRBs).

Several studies using intravenous or IN-OT in patients with ASD have been con-
ducted. It has been shown that nonapeptides, like AVP and OT, can be measured 
in CSF after intranasal administration (Born et al. 2002). Ease of giving intranasal 
drugs makes it preferred for most ASD studies, although more research needs to 
be conducted on how IN-OT reaches the brain and influences behavior. In addition 
to measuring OT responses to single dose challenges in ASD (Andari et al. 2010; 
Guastella et al. 2010), few studies have examined longer term treatment effects 
(Anagnostou et al. 2012). In addition to varying administration and duration study 
protocols, studies have often focused on symptom subdomains or defined social 
tasks such as RRBs (Hollander et al. 2003), emotion recognition (Guastella et al. 
2010; Dadds et al. 2014), affective speech comprehension (Hollander et al. 2007), 
and facial recognition (Domes et al. 2013).

As mentioned above, single dose studies or challenges have been utilized to 
study the acute and immediate effects of OT. An initial study in ASD examined the 
effects of a four-hour continuous dose of intravenous OT (Hollander et al. 2003). 
After 1 h of infusion there was a decrease in RRB (repeating and touching). This 
decrease lasted when measured after 4 h as well. More recently, a double-blind, 
randomized, placebo controlled study of IN-OT in 16 males with ASD (ages 12–19 
years old) showed that a single IN-OT dose could improve the ability to recognize 
emotion, particularly in easy queries (Guastella et al. 2010). Single dose IN-OT 
studies have also been done to examine the effects of OT on trust behavior and 
visual scanning of faces (Andari et al. 2010). Individuals with ASD given OT had 
a significant preference for the “good player” (the computer player who tossed the 
ball back to you) that was similar to the control subjects also performing the task. 
This preference was further supported by the patients’ reporting of trust, towards the 
“good player” after OT administration. In the visual scanning task, ASD subjects 
specifically avoided the area of high expression, the eyes, when given placebo, but 
significantly increased their gaze fixation towards the eyes with OT.

Recently a multi-dose OT administration study was conducted by Dadds et al. 
(2014). Individuals with high functioning ASD received 12 or 24 IU (depending on 
the weight of the patient) IN placebo or OT once daily for 5 days. During these 5 
days, the participant and their parents received daily parent-child interaction train-
ing and assessments of RRB, emotion recognition, social interaction skills, and gen-
eral behavioral adjustment. While improvements over time were detected in both 
OT and placebo, there were no differences observed between the two groups. Sev-
eral proposed possible explanations for these findings were: (1) emotion recogni-
tion was measured pre-post changes following multiple exposures versus while the 
patient was under the influence; (2) lower-order RRB, such as repeating, ordering 
and touching, respond to OT (Hollander et al. 2003), while higher-order RRB, such 
as ritualistic behavior and insistence on sameness, do not (Anagnostou et al. 2012); 
(3) increased eye gaze frequency is usually measured with artificial or computer-
ized faces, while they utilized “real-life” interactions; (4) the OT receptor system 
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disruptions in some patients with ASD may respond differently than in other ASD 
patients; and (5) differences between the studies regarding age and diagnostic char-
acteristics of the sample. Positive results were also observed in a 6-week protocol, 
which showed that IN-OT is well tolerated when given daily and may improve 
social cognition and decrease RRB in adults (Anagnostou et al. 2012). It may be 
important to note that reports of individual differences in the response to IN-OT 
are increasingly observed, although sample sizes in studies will need to be larger to 
explore individual response variation. While complex, the results from OT admin-
istration studies have provided a basis for understanding the role of OT. They aid 
in the development of study protocols that are focused on the population that will 
benefit the most from OT therapy.

14.2.2  OT and AVP Genetic Studies in ASD

Over the past decade, many studies have explored the role of genetics in ASD. It is 
theorized that the genetic heterogeneity of ASD could account for the complexity 
of its genetic etiology. When studying OT and AVP system genes, researchers often 
explore subphenotype scores such as social impairments in ASD. In a recent re-
view, genetic polymorphisms of receptor and pathway regulators such as AVPR1a, 
OXTR, neurophysin I and II, and CD38 were discussed (Ebstein et al. 2009). Eb-
stein and colleagues presented preliminary data in their review regarding their find-
ings about CD38, a transmembrane glycoprotein involved in OT secretion (Ebstein 
et al. 2009). Based on their studies of mice, they hypothesized a role for CD38 in 
ASD and its role in mediating OT, and in promoting nurturing behavior and social 
familiarity. (Jin et al. 2007). They genotyped 12 tag single nucleotide polymor-
phisms (SNPs) across CD38 in 170 ASD trios and assessed IQ and social skills via 
the Vineland Adaptive Behavior Scales (VABS) in this sample. A significant asso-
ciation between categorical ASD measures (ADI-R; Lord et al. 1994 and ADOS-G; 
Lord et al. 2000) and CD38 SNPs was found, as well as between social skills in 
ASD (VABS) and CD38 (rs4634217, rs4516711, rs4508877 and rs3796867), hap-
lotypes and VABS, and CD38 mRNA levels and VABS. Further supporting the role 
of CD38 in ASD, it has also been noted that there is reduced expression of CD38 in 
lymphoblastoid cells of patients with ASD (Lerer et al. 2010), and the rs3796863 
CD38 SNP has been associated with high functioning ASD in some populations 
(Munesue et al. 2010). However, this CD38 SNP has also been shown to correlate 
with higher activation of fusiform brain regions in healthy males challenged with 
OT (Sauer et al. 2012).

Candidate genes for ASD have also been culled from known genetic variants that 
are more broadly related to affiliative behavior (Yrigollen et al. 2008). In a study 
of 177 ASD probands from 151 families it was found that different OXTR SNPs 
were associated with stereotyped behavior, communication skills, an ADI-based 
diagnosis group and the ASD diagnosis acquired from multiple measurements. 
Specifically, there was a significant SNP in the OXT/AVP region (rs2740204; 
p= 0.016) associated with stereotyped behaviors (Yrigollen et al. 2008).
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In summary, many studies have focused on OXTR as a candidate gene for ASD. 
It has been shown that multiple SNPs are associated with stereotyped behaviors and 
communication skills (Yrigollen et al. 2008). Studies specifically examining identi-
fied populations such as Chinese Han have shown significant associations between 
ASD and two of its SNPs, rs2254298 and rs53576 (Wu et al. 2005). Also, in a study 
utilizing a Caucasian sample the rs2254298 SNP was associated with ASD diagno-
sis (Jacob et al. 2007). It should be noted that there was overtransmission of the G 
allele to the autistic Caucasian probands versus overtransmission of the A allele in 
the Chinese Han sample. More recently, the rs2268493, rs1042778 and rs7632287 
SNPs have also been associated with ASD in a sample in which 95 % of individuals 
self identified as Caucasian (Campbell et al. 2011).

14.2.3  OT Blood Levels in ASD

The limitations to direct access of the brain’s oxytocinergic pathways have con-
strained human research. Therefore, peripheral OT levels have been used as proxies 
for brain OT levels. A widely used measurement is plasma OT, but urine and sali-
vary OT levels have also been examined. Several researchers have observed asso-
ciations between peripheral, plasma OT and AVP levels and social stimuli (Kenkel 
et al. 2012; Schneiderman et al. 2012; Schradin et al. 2013; Seltzer et al. 2010; 
Wismer Fries et al. 2005). In particular, peripheral OT has been associated with 
human parental care, both maternal and paternal, such that parents display higher 
levels of OT than non-parents and low plasma OT levels in parents are associated 
with less parental touch, whereas higher levels correspond to longer durations of 
gaze synchrony and reporting of greater parental care during the parent’s childhood 
(Feldman et al. 2012).

Studies of adolescents have also utilized peripheral measures of OT as well as 
AVP. In a recently published preliminary study of high functioning ASD individuals 
and typically developing controls, Miller et al. (2013) researched the direct con-
nection between peripheral OT/AVP levels and ASD. Higher levels of OT were 
observed in all girls and were associated with greater anxiety. Across both sexes, 
higher OT levels were also associated with better pragmatic language. In addition, 
all boys had significantly higher levels of AVP. Gender differences were also noted 
within the ASD sample such that there was a positive association between AVP 
levels and RRB in ASD girls, but this was negatively (although non-significantly) 
associated with RRB in boys with ASD (Miller et al. 2013). Overall, these results 
suggest specific and sexually dimorphic mechanisms for OT and AVP with regard 
to anxiety and RRB.

Another important study that researched the connection between ASD and OT 
plasma levels was performed in 1998. Modahl et al. (1998), found plasma OT lev-
els in children with ASD were lower than the control group. They also examined 
how social behaviors were associated with plasma OT levels. Modahl et al. found 
that oxytocin was positively associated with age for “normal” children but not for 
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children with ASD. Additionally, physiological variables such as time of food in-
take were negatively associated with oxytocin level, and physical exercise and the 
presence of a respiratory condition were also associated with oxytocin level in the 
control group. The oxytocin levels of the children with ASD were not related to 
these physiological variables. Later, a study performed by Jansen et al. (2006) in-
volved adults diagnosed with ASD, who were asked to perform a public speaking 
task. Interestingly, in this study, subjects showed normal cortisol responses and no 
change in response to the task in norepinephrine, epinephrine, OT or AVP. However 
both basal OT levels and heart rate were elevated in the ASD group compared to 
healthy controls. They hypothesized that the interplay between cortisol and OT may 
influence the effects of social interactions and support.

Peripheral measurement of serotonin (5-HT) has recently been investigated in 
conjunction with OT, as many studies have reported hyperserotonemia within a 
subgroup of individuals with ASD (Leventhal et al. 1990; Schain and Freedman 
1961; Leboyer et al. 1999; Kuperman et al. 1985; Abramson et al. 1989; Chugani 
et al. 1999) and both 5-HT and OT are peripheral biomarkers that correspond to 
systems that interact in the brain. An analysis of whole blood 5-HT and plasma 
OT levels in children and adolescents with ASD showed a negative correlation, 
and this negative correlation was more prominent in younger children (Hammock 
et al. 2012). These results parallel findings in Oxtr KO mice which show that these 
mice had higher concentrations of whole-blood 5-HT, and the relationship between 
plasma OT levels and whole blood 5-HT levels are stronger in younger individuals 
(Hammock et al. 2012).

Over the last few years studies measuring peripheral OT have increased. As 
discussed in McCullough et al. (2013) and Szeto et al. (2011), the methodologies 
can lead to vastly different results (increased values, decreased values or values 
differing by an order of magnitude). For example, Modahl et al. (1998) performed 
plasma extractions and then radioimmunoassays (RIA) whereas Miller et al. (2013) 
utilized an enzyme immunoassay (EIA) with different plasma preparation methods. 
Additionally, there is also specific laboratory generated RIA versus commercial 
EIA and RIA kits. When manufacturer instructions are followed, values obtained 
have a similar order of magnitude, but it has been noted that some of these kits may 
also be detecting closely related metabolites. Note that the studies often prepared 
samples differently with varying plasma processing/extraction methods, and use 
of different assay techniques. Future research will need to determine if differences 
in results about OT levels in ASD reflect differences in the study populations and/
or methods for assaying OT. ASD population differences include varying ages and 
OT levels may change during development, especially after puberty. (Hammock 
et al. 2012). ASD is a very heterogeneous disorder and OT level differences may be 
specific to clinical and etiological subgroups within the broader ASD population. In 
addition, there is variability of OT plasma levels across typical and healthy popula-
tions. The inherent U-shaped distribution (Zhong et al. 2012) observed in normative 
populations may also add to variability in OT measurement in ASD studies.
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14.3  Prader-Willi Syndrome and OT

Prader-Willi syndrome (PWS) is a complex disorder with multisystem effects and 
a distinct behavioral phenotype. It occurs in approximately 1/10,000 to 1/30,000 
births, and is initially characterized by severe infantile hypotonia and difficulty 
feeding, although later in infancy and into adolescence individuals with PWS often 
eat excessively and develop morbid obesity. Other characteristics of PWS include 
hypogonadism, short stature, small hands and feet, and strabismus. The cognitive 
phenotype is marked by delayed motor and language development, and behavioral 
difficulties including compulsive behavior, stubbornness and temper tantrums (Bit-
tel et al. 2007b; Cassidy et al. 2012). The many behavioral and psychiatric manifes-
tations of PWS are evident in early childhood, and are characterized by hyperactiv-
ity, impulsivity, temper tantrums, emotional lability, anxiety and repetitive behavior 
(Borghgraef et al. 1990; Whitman and Accardo 1987; Gross-Tsur et al. 2001). Often 
this phenotype is suggestive of ASD as well as attention deficit hyperactivity disor-
der (ADHD; Cassidy et al. 2012). Face processing is also altered in individuals with 
PWS, as they have difficulty reading facial expressions (Whittington and Holland 
2011).

The cause of PWS is the lack of expression of specifically paternal genes located 
on chromosome 15q11.2-q13. Many of the genes expressed in this region come 
from the father, as those from the mother are normally inactivated. Consequently, 
either a lack of expression or absence of the paternal copy of the genes in this region 
leads to no expression (Saitoh et al. 1997). This may occur through microdeletions 
in the paternal chromosome, no copy of the paternal chromosome paired with two 
copies of the maternal chromosome or uniparental disomy (UPD) or imprinting 
defects due to epigenetic causes (Cassidy et al. 2012). The genes expressed in this 
region have been studied at length to develop models of PWS and to delineate 
their roles in the different aspects of the PWS phenotype. Such studies are compli-
cated by differences in the behavioral phenotype between individuals with deletions 
and those with UPD, as those with UPD have a less severe phenotype (Bittel et al. 
2007a) and higher verbal IQ scores (Dimitropoulos et al. 2000).

While the deletion of no one individual gene has been found to cause PWS, 
research has shown that the lack of expression of multiple genes may be central 
to the syndrome’s expression. Specifically, five polypeptide coding genes, namely 
MKRN3, MAGEL2, MAGED1, NECDIN and SNURF-SNRPRN, have been shown 
to be centrally involved in PWS. Animal models lacking one of these genes have 
been developed for Magel2 (Boccaccio et al. 1999), Maged1 (Dombret et al. 2012), 
Necdin (Lavi-Itzkovitz et al. 2012; Muscatelli et al. 2000) and Snurf (Tsai et al. 
1999), although none of these individual gene disruption models completely reca-
pitulates the PWS phenotype.

Another line of approach to elucidate the physiological underpinnings of PWS 
has been to examine the OT system in individuals with PWS as well as in animal 
models. There is a deficit of OT producing neurons in the PVN in the brains of per-
sons with PWS (Swaab et al. 1995), as well as lower levels of OT in CSF (Martin 
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et al. 1998). IN-OT administration increases trust in others and decreases disruptive 
behavior in individuals with PWS (Tauber et al. 2011). In addition, administration 
of OT has also been shown to rescue behavior in a Maged1 deletion model of PWS 
in which there is a decrease in hypothalamic OT (Dombret et al. 2012). Although 
rescue was not attempted in the Necdin model, this mutant also shows a reduction in 
OT producing neurons in the hypothalamus (Muscatelli et al. 2000). Consequently, 
there appears to be disruption of the OT system in individuals with PWS, which 
is recapitulated in different animal models. However, the exact mechanism of OT 
dysregulation is unclear.

14.4  Williams Syndrome and OT

Williams syndrome (WS) was first described over 50 years ago (Williams et al. 
1961). The first reported cases were focused on infants with hypercalcemia, de-
velopmental delays, cardiac malformations and dysmorphic facial features (Morris 
1993). However, better characterization of this syndrome has elucidated a distinct 
behavioral phenotype marked by an increased social drive paired with social fear-
lessness, poor judgment, difficulty forming peer relationships and high anxiety lev-
els (Jarvinen et al. 2013). The cause of this disorder has been determined to be the 
deletion of 25–30 genes in the q11.23 region of either maternal or paternal chromo-
some 7 that span approximately 1.5 megabases (Ewart et al. 1993; Lowery et al. 
1995; Korenberg et al. 2000; Schubert 2009). ELN, the gene for elastin, was the first 
deleted gene identified and its absence is indicative of a diagnosis of WS. While 
ELN disruption affects connective tissue, particularly of the aorta (Lowery et al. 
1995), other genes such as LIMK1, CYLN2, GTF2I and GTF2IRD1 are involved 
in the behavioral phenotype of WS (Jarvinen-Pasley et al. 2008). The deletion of 
GTF2I as well as GTF2IRD1 has been shown to be involved in the social phenotype 
specifically (Sakurai et al. 2011; Proulx et al. 2010).

The social phenotype associated with WS is striking due to the hypersociability 
of the affected individuals, as well as the preference for novel social over non-social 
stimuli (Jarvinen-Pasley et al. 2008, 2010) and increased eye contact (Mervis et al. 
2003). In addition, the speech of individuals with WS is marked by high levels of 
socially engaging language as compared to controls or individuals with other devel-
opmental disorders such as Down Syndrome (Jarvinen-Pasley et al. 2010; Jarvinen 
et al. 2013). However, this does not translate into the development of social rela-
tionships as individuals show difficulty with social adjustment (Gosch and Pankau 
1994, 1997) and social judgment (Einfeld et al. 1997; Gosch and Pankau 1997). In 
addition, affected individuals show deficits in social understanding, as evidenced 
by difficulty identifying affect (Gagliardi et al. 2003; Plesa-Skwerer et al. 2006) or 
other’s mental states (Jarvinen-Pasley et al. 2008).

The high sociability of individuals with WS positions this syndrome as a good 
mechanism through which to understand the biological underpinnings of social 
behavior. Mouse models of WS include GTF2I-deficient mice which display in-
creased social interaction with novel mice and diminished social habituation (Saku-
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rai et al. 2011) as well as Gtf2ird1 deletions, that also show increased sociability 
(Proulx et al. 2010). Recently, de novo duplications of regions of 7q11.23 have been 
shown to be associated with ASD, whereas deletions of the same region lead to WS 
(Sanders et al. 2011). Such opposite effects of gene expression leading to markedly 
contrasting phenotypes raises the issue of dosage effects, but it should be noted 
that both ASD and WS phenotypes include abnormal social relationships, although 
through different mechanisms. Whereas individuals with WS show prolonged face 
gaze, those with ASD display reduced face gaze (Riby and Hancock 2009). In addi-
tion, although children with WS and ASD display high levels of anxiety, individuals 
with ASD have higher levels of RRB as well as greater rates of social phobia and 
separation anxiety (Cascio et al. 2012).

Dai et al. (2012) examined the possibility of dysregulation of OT in WS as it 
relates to the contrasting phenotypes of WS or ASD.  This was done by examining 
deletions or increased expression, respectively, of genes in the region defining WS. 
They show increased baseline levels of OT in individuals with WS as compared to 
controls. Additionally, OT levels correlated positively with increased approach to 
strangers as well as decreased adaptive social behaviors. These results suggest that 
there may be a dose dependent effect of OT, as high levels may impair adaptive 
social behavior and may partly underlie the maladaptive social phenotype of WS.

14.5  Fragile X Syndrome

Named for the fragile site observed at Xq27.3, Fragile X Syndrome (FXS) is the 
most common inherited form of intellectual disability and the most common known 
single gene mutation associated with ASD (O’Donnell and Warren 2002). World-
wide prevalence estimates range from 1 case in 1000-4000 males and 1 case in 
4000-6000 females (Brown 1990; Morton et al. 1997; Turner et al. 1996; Webb 
2010). This rare genetic disorder is characterized by specific physical features, and 
cognitive and behavioral phenotypes (Berry-Kravis et al. 2002, 2011; McLennan 
et al. 2011). The physical features can include a long narrow face with large protrud-
ing ears, connective tissue abnormalities (i.e. hyperextensive joints), macroorchi-
dism, macrocephaly, obesity (especially in young males), loose skin over the hands, 
a high arched palate, a vertical plantar crease and flat feet (Moy et al. 2009; Schap-
iro et al. 1995). The behavioral and social characteristics of FXS include hyperac-
tivity, attention difficulties, mood lability, compulsive and perseverative behaviors, 
aggressive outbursts, learning deficits, developmental delays (including delayed 
speech development), social shyness, gaze avoidance, sensory hypersensitivity, 
withdrawal from touch and stereotypic movements and behaviors (i.e. hand flap-
ping and rocking), poor motor coordination and echolalia (Hagerman et al. 2009; 
Hall 2009; Hall et al. 2009; Moy et al. 2009). Many of these behaviors are linked to 
the anxiety level of the individual, a meaningful link because physiological studies 
have noted increased sympathetic and decreased parasympathetic activity and poor 
coordination between the systems (Hall et al. 2009).
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Cognitive tests have indicated a specific pattern of strengths and weaknesses. 
FXS individuals exhibit deficits in visuo-spatial tasks, quantitative skills, short-
term and working memory, expressive language skills, sequential processing and 
executive function (Hall et al. 2012; Cornish et al. 1999; Kwon et al. 2001; Freund 
and Reiss 1991; Maes et al. 1994; Berry-Kravis et al. 2002) and relative strengths 
in receptive language skills, visual memory, acquisition of factual information, 
imitation skills and gestalt processing (Berry-Kravis et al. 2002). This population 
also has susceptibility to certain other neuropsychiatric disabilities including ASD, 
ADHD and anxiety disorders, as well as neurological disorders such as epilepsy 
(Pretorius et al. 1998; Hessl et al. 2001). While the genetic cause of FXS has been 
found, the neurological basis of FXS symptoms continues to be unknown. MRI 
studies have found that individuals with FXS have enlarged lateral ventricles and 
increased caudate nucleus volumes relative to control subjects (Reiss et al. 1995). 
Anatomical studies of post-mortem brains have revealed that dendritic spines of 
neocortical pyramidal neurons of FXS subjects are longer and thinner than those 
of matched controls (Rudelli et al. 1985; Wisniewski et al. 1991; Irwin et al. 2001; 
Hinton et al. 1991), indicating that the spines fail to mature normally in FXS pa-
tients (Irwin et al. 2001).

The majority of individuals with FXS have social anxiety and almost a third have 
symptoms that overlap with ASD (Hagerman et al. 2010). Published studies have 
reported the prevalence rate of FXS and autistic behaviors/ASD diagnosis to range 
from 25–47 %, however sample sizes are often small (Hatton et al. 2006; Morton 
et al. 1997). Like the disorder itself, autistic symptoms are more common in males 
than females. Individuals with both FXS and ASD often have poorer developmental 
outcomes, lower cognitive abilities, lower levels of adaptive behavior and more 
problem behaviors than FXS individuals with fewer ASD related comorbidities. 
Of the individuals with FXS and autistic behaviors, 15–40 % of males and a few 
females meet the diagnostic criteria for ASD (Berry-Kravis et al. 2002) and present 
with more severe communication deficits, stereotyped behaviors, and social anxiety 
versus social disinterest. In addition, males present with more severe developmental 
delays. Overlapping behaviors between ASD and FXS, such as eye gaze avoidance 
(Hall et al. 2009), have led many scientists to study FXS as a way to understand and 
possibly target treatment for ASD.

14.5.1  Molecular Biology of Fragile X Syndrome

Diagnosis is based on DNA analysis that identifies the number of CGG repeats in 
the fragile X mental retardation 1 ( FMR1) gene at the Xq27.3 site (Turner et al. 
1996). In most affected individuals, this genetic disorder is caused by a trinucleotide 
(CGG) repeat expansion in the 5′  untranslated (promoter) region of the FMR1 gene. 
FMR1 encodes the fragile X mental retardation protein (FMRP), a 69 kDa protein 
found in most adult and fetal tissues, with high concentrations in the brain and tes-
tes. The expression of FMRP in neural tissue seems to be experience-dependent. It 
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is produced in the soma and near the synapse of neurons (Berry-Kravis et al. 2002, 
2011), and is essential to the shaping of dendritic spines (Davidovic et al. 2011). 
The protein and network of mRNA targets and interacting proteins contribute to 
several forms of synaptic plasticity involving learning and memory processes, nota-
bly those induced by activation of type I metabotropic glutamate receptor (mGluR; 
Davidovic et al. 2011). It is hypothesized that a decrease in Fmr1 functionally af-
fects the protein interaction network with direct consequences on signaling cascade 
and cellular metabolism (Davidovic et al. 2011).

There are two different FMR1 mutations, namely full mutation and premutation 
(Goodrich-Hunsaker et al. 2011a, b). Premutations make up approximately 10 % 
of male and 2–3 % of female ASD cases (Wang et al. 2010). These mutations are 
associated with Fragile X-associated tremor/ataxia syndrome (FXTAS; Wang et al. 
2010), have a repeat length of 50–200 and do not usually cause mental deficits, 
although shyness and anxiety have been known to occur. Premutations influence 
translation of FMR1 mRNA (Feng et al. 1995) such that individuals with permuta-
tions produce excess FMR1 mRNA, yet synthesize lower than normal levels of 
FMRP (Tassone et al. 2000a, b). Upon female transmission the premutation can 
become a full mutation. FXS is caused by full mutation which is > 200 trinucleotide 
repeats, and results in hypermethylation of the gene and transcriptional silencing 
(Tassone et al. 2000a). This creates an FMRP deficiency in the brain which leads to 
FXS presentation (Tassone et al. 2000a; McLennan et al. 2011).

Very rarely have other mutations in the FMR1 gene involving deletions (Gedeon 
et al. 1992; Wohrle et al. 1992) or a point mutation (De Boulle et al. 1993) resulted 
in symptoms identical or even more severe than typical FXS. FMRP is an RNA-
binding protein with three RNA-interacting motifs, namely two KH domains and 
one RGG box (Ashley et al. 1993; Siomi et al. 1993). Findings that a point mutation 
in one of the KH domains is sufficient to produce severe FXS (Siomi et al. 1994; De 
Boulle et al. 1993) points to the conclusion that this aspect of the protein is closely 
related to the clinical symptoms. While mainly found in the cytoplasm (Verheij 
et al. 1993; Devys et al. 1993), FMRP appears to be able to shuttle in and out of the 
nucleus (Feng et al. 1997) possibly as a carrier for specific mRNAs.

In the brain, FMRP appears in the cytoplasm of both the soma and dendrites of 
neurons (Devys et al. 1993; Feng et al. 1997), forms complexes with other pro-
teins including the fragile X-related proteins 1 and 2 (FXR1P and FXR2P), along 
with mRNA in mRNA-proteins (mRNPs) in association with ribosomes (Feng et al. 
1997; Corbin et al. 1997; Ceman et al. 2000; Eberhart et al. 1996; Khandjian et al. 
1996). As mentioned earlier, levels of FMRP have been shown to be regulated by 
sensory experience (Irwin et al. 2005; Todd and Mack 2000; Todd et al. 2003a, b). 
Supporting this theory is mounting evidence which implicates FMRP in synaptic 
plasticity and findings showing that mice lacking FMRP have impaired long-term 
potentiation in somatosensory cortex (Li et al. 2002), visual cortex (Wilson and Cox 
2007), olfactory cortex (Larson et al. 2005), cingulate cortex, and amygdala (Zhao 
et al. 2005), as well as enhanced long-term depression in hippocampus (Huber et al. 
2002). In synaptosomal preparations, stimulation of mGluR results in an FMRP-
dependent increase in protein synthesis (Weiler et al. 1997, 2004).
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14.5.2  Fragile X Syndrome and OT

There are several reasons why treatment with OT has been investigated in FXS. 
There is evidence that some of the features of ASD and FXS may be reduced by OT 
(Bartz and Hollander 2006; Hall et al. 2012; Hollander et al. 2007). As described 
above, OT released endogenously or given exogenously has been associated with 
positive social behaviors, as well as reductions in anxiety, obsessiveness and stress 
reactivity. OT may also serve to counter the defensive behavioral strategies associ-
ated with stressful experiences, and the central release of AVP and other peptides, 
such as corticotropin-releasing factor (Carter 2007). IN-OT in males has increased 
“trust” in a computer game task (Kosfeld et al. 2005) and may reduce endocrine re-
sponses to psychosocial stressors in men and women (Heinrichs and Domes 2008).

Similarly to ASD, available treatments for FXS focus on managing symptoms. 
Stimulants are prescribed for ADHD symptoms, whereas SSRIs and antipsychotics 
treat aggression associated with anxiety and carbamazepine is used for treatment 
of seizures (Hampson et al. 2011). Currently, there are no treatments on the mar-
ket targeting the molecular abnormalities of FXS (Gurkan and Hagerman 2012). 
However, recent studies have begun to investigate IN-OT due to the autistic-like 
behaviors observed in FXS and the social and anxiolytic effects of OT.

A 2012 study conducted by Hall and colleagues researched the effects of IN-OT 
on males with FXS. They hypothesized that the prosocial and anxiolytic effects of 
OT would reduce, if not alleviate, socially inappropriate behaviors and social anxi-
ety in males with FXS. Of the ten low functioning males between the ages of 13 and 
28 years (mean age = 21.3 years) recruited, eight subjects completed the study. All 
subjects were confirmed by standard Southern blot analysis to have a fully methyl-
ated full mutation. The study was set-up as a randomized double-blind placebo-
controlled single-dose trial performed with intranasal administration of placebo, 
24 IU OT and 48 IU OT.

As previously mentioned, extreme eye gaze avoidance and hyperarousal are ex-
hibited by FXS individuals when experiencing stressful social situations. Hall and 
colleagues collected eye gaze frequency, heart rate (HR), respiratory sinus arrhyth-
mia (RSA), heart rate variability (HRV) and salivary cortisol during the social chal-
lenge (10 min in length), which was conducted 50 min after OT administration. The 
first 5 min was a social proximity task, where the subjects sat quietly while a female 
researcher sat opposite with knees almost touching and read a magazine or book. 
The second five minute section was a social interaction task, here the experimenter 
while seated had a conversation with the subject, asking questions such as “tell me 
what movies you like to watch”. Before the conversation started, the subjects were 
instructed to look the experimenter in the eyes as much as possible while talking, 
they were additionally prompted by the researcher during the conversation when 
needed, similar to previous studies (Hall et al. 2012).

Confirmation of the hypothesis that OT would have beneficial consequences 
in FXS would be observed in increased eye gaze frequency, a reduction in physi-
ological arousal, and a decrease in salivary cortisol. The researchers observed a 
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significant main effect with OT. As compared to a placebo, 24 IU OT led to an 
increase in eye gaze frequency ( p= 0.042). No differences were noticed between the 
two tasks of the social challenge. There was also a significant main effect of OT ob-
served in the salivary cortisol levels. Salivary cortisol levels were looked at pre and 
post challenge, and showed a significant decrease for the 48 IU dose as compared 
to placebo ( p= 0.05). However, no effects were observed in the physiological mea-
surements (HR, HRV, and RSA). Hall and colleagues hypothesized that the admin-
istration of OT may dampen amygdala reactivity towards social stimuli that causes 
anxiety (Kirsch et al. 2005; Petrovic et al. 2008), decrease HPA axis activation, and 
increase social motivation (Witt et al. 1992; Witt and Insel 1992). At present, neither 
OT nor AVP are known to be targets of FMRP. Two points of future investigation 
that could reveal the interplay between OT and FMRP as proposed by Hall et al. 
(2012) were: (1) an experiment to determine the localization of mRNAs encoding 
FMRP and OT precursor in dendritic domains (Smith 2004), and (2) research into 
the non-coding BC1, a neuron-specific RNA polymerase III transcript and OT in 
hypothalamo-neurohypophyseal neurons (Tiedge et al. 1993) should be performed.

14.5.3  Animal Models of Fragile X Syndrome Provide Insight 
on Moderators of Neurodevelopmental Pathways

Animal models have proven indispensible in the understanding of diseases and dis-
orders, and in the development of pharmaceuticals used to treat them. The quality of 
an animal model is ascertained based on how well it can meet certain criteria of va-
lidity, namely construct, face and predictive validity (Bernardet and Crusio 2006). 
How well the model’s behavioral traits resemble the core traits of the disorder is 
face validity. Predictive validity is established when a drug reduces or improves 
symptoms in both the model and human. Construct validity is the “quality” of the 
model, its ability to accurately measure or represent what it claims to be measuring 
(Cronbach and Meehl 1955). There currently are several FXS animal models, three 
mice and one drosophila model that meet multiple criteria.

Two homologous genes to Fmr1 in vertebrates are Fxr1 (fragile X related gene) 
and Fxr2. Their proteins, FXR1P and FXR2P are both expressed in the neural tis-
sue, specifically in cell bodies, but they are also found in the dendrites near the 
synapse. Both Fxr1 and Fxr2 KO mice have been produced. FXR1P homozygous 
mice die within 24 hours of birth, while heterozygous mice exhibit abnormal limb 
musculature. FXR2P deficient mice have a normal lifespan and have learning defi-
cits similar to Fmr1 KO with some differences and circadian rhythm deficits (Ber-
ry-Kravis et al. 2011). The fruit fly model, a mutant lacking dFmr1 (also known as 
dFxr) protein, exhibits overextension of neurites during development of mushroom 
bodies (brain region linked with memory) and have a behavioral phenotype that in-
cludes circadian rhythm abnormalities and altered courtship behavior (Berry-Kravis 
et al. 2011; Gatto and Broadie 2009).

One of the most well characterized animal models of FXS was developed in 
1994 by the Dutch-Belgian Fragile X Consortium (1994), and is a mouse model 
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with an identical molecular endpoint of the experimental model and the human 
disease (i.e., lack of FMRP throughout the lifespan). This mouse was created by 
inserting a neomycin cassette into exon 5 of the murine Fmr1 gene. The insert dis-
rupts the transcription of Fmr1 mRNA causing an absence of FMRP. Even though 
the cause may not be identical, this mouse model exhibits behavioral similarities 
to FXS. Fmr1 KO mice are described as having lower than normal levels of initial 
social interaction (Mineur et al. 2006), lacking preference for social novelty, and 
displaying inappropriate social responses (Pietropaolo et al. 2011) versus wild-type 
(WT). In contrast, OTKO or AVPKO mice display high levels of social contact that 
does not diminish over time, thus failing to show familiarity (Crawley et al. 2007).

While macroorchidism is observed in the Fmr1 KO animals (Bakker et al. 1994) 
as well as in FXS patients, the behavioral patterns differ between the patients and 
the KO. By most accounts Fmr1 KO mice appear to have relatively normal behav-
ior, but research has shown that the behavioral and cognitive deficits of the KO are 
actually quite subtle and parallel FXS patients (Paradee et al. 1999; D’Hooge et al. 
1997; Peier et al. 2000; Berry-Kravis et al. 2002). Some behavioral phenotypes dis-
played in Fmr1 KO are deficits in object recognition memory (including a failure 
to habituate to objects), and impairment of spatial memory (Mineur et al. 2002).

Several studies indicate that Fmr1 KO mice are hyperactive and show indica-
tions of increased anxiety (Mineur et al. 2002; Spencer et al. 2005; Bakker et al. 
1994), and overreact to sensory stimuli (Chen and Toth 2001; Frankland et al. 2004; 
Nielsen et al. 2002). Fmr1 KO mice also exhibit abnormal social interactions, in-
cluding a general reduction in social contact and a failure to show social recogni-
tion (Bernardet and Crusio 2006; Mineur et al. 2006; Spencer et al. 2005; Yan et al. 
2004). Also, similar to FXS patients, these mice exhibit sensory hyperresponsive-
ness, especially to auditory stimuli. Loud tones may induce audiogenic seizures. In 
some tasks there is variability in the results (i.e. complex visual and auditory dis-
criminant tasks and activity level in an open field). This variability may come from 
different mouse strains reflecting the effect of different genetic backgrounds on the  
the expression of the symptoms. This is also hypothesized to be the basis for the 
variability observed in the symptoms of FXS patients. In work by Pietropaolo et al. 
(2011), the validity of the Fmr1 KO mouse on the C57BL/6 (B6) background was 
tested against WT and Fmr1 KO on the FVB background. They found the Fmr1 KO 
on the B6 background to be a good model for FXS and a suitable model for ASD 
(Pietropaolo et al. 2011; Yan et al. 2004).

These mice also have neuropathologic phenotypes that are similar to those of 
FXS patients, including density of dendritic spines of pyramidal neurons in the 
visual and somatosensory cortices that are greater in adult Fmr1 KO than WT. In 
some brain areas, in both mice Fmr1 KO and FXS patients, the appearance of the 
spines are more similar to developing versus mature spines (Berry-Kravis et al. 
2002). Absence of FMRP in both humans and mice results in improper development 
of dendritic spines on cortical pyramidal neurons (Comery et al. 1997; Irwin et al. 
2000, 2001, 2002). The use of the Fmr1 KO mouse has also provided some insight 
into the normal cellular function of FMRP. The subtle cognitive deficits of Fmr1 
KO mice present difficulties for preclinical testing of potential treatments, and high-
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light how complex the relationship between the mouse and human phenotypes are. 
One possibility is that cognitive processes in which FMRP plays a vital role in 
humans are poorly developed in mice; thus mice lacking FMRP are not particularly 
disabled, at least compared to severely-affected patients. A second possibility is 
that other proteins can compensate for FMRP in mice but not in humans. Third, the 
behavioral paradigms thus far applied to the mouse model may not efficiently assay 
cognitive domains most affected in FXS.

14.5.4  Examining OT in Neurodevelopmental Animal Models: 
A Way to Examine Early Effects?

Below we present preliminary data measuring the OT and AVP systems in a mouse 
model in order to learn more about FXS pathway interactions during development. 
The animal model was generated with WT and Fmr1 KO mice from a colony found-
ed with stock obtained from the Jackson Laboratory (Bar Harbor, ME, USA) that 
was backcrossed onto a B6 background > 10 generations. Mice were genotyped us-
ing primers described previously (The Dutch-Belgian Fragile-X Consortium 1994). 
Cells were stained using the immunocytochemical (ICC) staining procedures, fol-
lowing protocols described in early work on OT and AVP in voles (Yamamoto et al. 
2004). All sections were double-stained for NeuN (a marker that stains cell nuclei 
only in neurons), which allowed precise localization of cytoarchitechtonic bound-
aries. Stained sections were mounted on subbed slides and examined with OT and 
AVP antibodies (OT antibodies were generously provided by M. Morris and AVP 
antibodies were obtained from MP Biomedical #647171, formerly ICN; Solon, OH, 
USA). Slices of tissue for each animal were categorized as described in Paxinos 
and Franklin (2004) and carefully matched across subjects to allow comparable 
sections. The imaged slides captured at 10X, were coded and scored by an experi-
mentally blind scorer using Image J (NIH, Bethesda, MD) software. Cells in the 
PVN of the hypothalamus regions were stained separately for OT and AVP ( N= 6–7 
mice per group). Boxed sampling areas were: 125 × 125 μm2 (PVN total staining 
density), 250 × 375 μm2 (PVN fibers), 93.75 × 93.75 μm2 for cell counts bilaterally 
in both the PVN and SON.

Preliminary results suggest a significant reduction in both OT-positive (Fig. 14.1) 
and AVP-positive (Fig. 14.2) cells in the PVN of Fmr1 KO as compared to WT 
(Table 14.1). While not significant, there is a trend for fewer OT-positive cells in 
the SON (Table 14.2). We also measured, by cell count, the abundance of OXTR 
positive cells in the hippocampus, and  retrosplenial granular and piriform cortices. 
None of these areas showed a significant change in cell density as compared to WT 
mice ( p> 0.05). Earlier work in voles has suggested that both OT and AVP may 
support a general tendency toward social contact (Cho et al. 1999). The absence 
of either OT or AVP in the presence of the other neuropeptide did not produce an 
“asocial” animal. However, selective social preferences, such as those necessary for 
pair bond formation, appear to require stimulation of both OT and AVP receptors.
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Although the preliminary data shown here for Fmr1 KO mice needs to be repli-
cated in a larger sample size and in other animal models, we include these findings 
as an example of possible approaches to examining the role of peptides, including 
OT and AVP, in molecularly characterized genetic syndromes. Work across these 
models also could provide additional insight regarding the role of OT and AVP in 
early development, especially in syndromes in which atypical trajectories occur.

14.6  Conclusion and Next Steps

While each of the disorders described here (ASD, PWS, WS and FXS) is unique, 
each one is characterized by atypical social behaviors and in many cases a tendency 
toward high levels of anxiety. Given the importance of OT and AVP to mamma-

Fig. 14.1  Expression in the paraventricular nucleus ( PVN) of OT, as measured by ICC, is reduced 
in Fmr1 KO mice, compared to the wild-type ( WT). (Reprinted from Brain Research, Francis et al. 
2014, Copyright (2014) with permission from Elsevier)
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lian social behaviors and anxiety, the neuropeptides’ investigative value in these 
syndromes is not unexpected. This review summarized the possible role of OT in 
these NDD through experiments conducted by others and ourselves (Table 14.3). 
Each of these early developmental disorders displayed alterations in the OT system 
and may represent many molecular pathways that lead to a commonly disrupted 
neuropeptide hormone system. Our preliminary data suggests decreased numbers of 
OT-positive and AVP-positive cells in the PVN of Fmr1 KO mice, a mouse model 
for FXS. Individuals with PWS have shown lower levels of OT in CSF and fewer 
OT producing cells in the PVN. Lower plasma OT levels have also been detected in 
some children or a subgroup of ASD affected children. In contrast with WS, which 
is characterized by hypersociability, a positive correlation was found between OT 
levels and increased stranger approach and decreased adaptive social behavior. 
Knowledge of the functionality of the OXTR in WS remains to be studied. Given 
the rarity of these disorders and the complex animal models needed to research 
these disorders, many of these studies have small sample sizes. These significant 
studies, however, can motivate future research on these disorders and other NDD, 
especially those disorders with dysfunctional social behaviors as a symptom.

Fig. 14.2  Expression in the paraventricular nucleus ( PVN) of AVP. In Fmr1 KO mice, as com-
pared to the wild-type ( WT) AVP expression is reduced as measured by ICC. (Reprinted from 
Brain Research, Francis et al. 2014, Copyright (2014) with permission from Elsevier)
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ASD, as described above, is the primary NDD presumed to be associated with 
dysregulation of the OT system. It is striking, however, that other disorders with 
phenotypes marked by abnormal social behavior as well as anxiety (manifested in 
RRB) have abnormalities in OT production as measured in blood and CSF (Table 
14.3). For example, individuals with PWS, like those in ASD, have difficulty with 
social competence (Dimitropoulos et al. 2013), are aloof and avoid eye contact 
(Dimitropoulos et al. 2009). Furthermore, RRB is also evidenced in PWS (Greaves 
et al. 2006), although to a lesser degree than in ASD as measured using the Repeti-
tive Behavior Scale-Revised (RBS-R; Flores et al. 2011). A subset of the chromo-
somal region associated with PWS is also associated with an increased risk for ASD, 
as maternally inherited duplications of the 15q11-13 region are associated with 
1–3 % of ASD cases (Bolton et al. 2001; Cook et al. 1997; Vorstman et al. 2006).

Table 14.1  Number of OT and AVP-positive cells in PVN of Fmr1 KO versus WT mice. (Reprinted 
from Brain Research, Francis et al. 2014, Copyright (2014) with permission from Elsevier)

OT AVP
WT Knockout WT Knockout

PVN 17a ± 2b 9 ± 3 p= 0.047 10 ± 2 4 ± 2 p= 0.05
a Mean number of positive cell/0.2 mm2 
b Mean ± SE ( N = 6–7/group)

Table 14.2  Number of OT and AVP-positive cells in SON of Fmr1 KO versus WT mice. (Reprinted 
from Brain Research, Francis et al. 2014, Copyright (2014) with permission from Elsevier)

OT AVP
WT Knockout WT Knockout

SON 13a ± 2b 8 ± 3 p= 0.254 11 ± 2 6 ± 2 p= 0.107
a Mean number of positive cell/0.08 mm2 
b Mean ± SE ( N = 6–7/group)

Table 14.3  A Summary of OT Affects on NDD (Modified from Brain Research, Francis et al., 
2014, Copyright (2014) with permission from Elsevier)
Disorder Neuropeptide system affected
Autism spectrum 
disorders

↓↑ or atypical levels of OT in blood (human)
IN-OT ↑ social task performance and ↓ repetitive behaviors (human)
To be studied:human neuropathology and animal models

Prader-willi syndrome ↓ OT producing cells in the PVN (human)
↓ level of OT in CSF (human)
IN-OT ↑ trust and ↓ disruptive behaviors (human)

Williams syndrome ↑ OT levels (human)
To be studied:human neuropathology and animal models

Fragile X Syndrome ↓ OT + and AVP + cells in the PVN ( Fmr1 KO mice)
↓ OXTR + cells in several areas of the brain related to learning, 
memory and emotion ( Fmr1 KO mice)
IN-OT ↑ eye gaze frequency (human)
IN-OT ↓ salivary cortisol (human)
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Williams syndrome and ASD also share commonalities, namely abnormal social 
phenotypes and anxiety. Individuals with WS, unlike those with PWS, show a phe-
notype that is markedly different from ASD. Although both groups are at risk for 
anxiety, individuals with ASD show higher levels of social phobia and separation 
anxiety, as well as higher rates of RRB. However, children with WS have higher 
scores on measures of generalized anxiety (Rodgers et al. 2012). WS is charac-
terized by an increase in OT levels (Dai et al., 2012), as well as a deletion of the 
7q11.23 region as opposed to a de novo duplication which leads to ASD (Sanders et 
al., 2011). Thus, it is likely that some ASD and WS symptoms are related to genetic 
dosage effects. Studies of FX and ASD mechanism may also inform each other, as 
mutations in mGluR5 can contribute to the diagnosis of FXS or ASD, and mGluR5 
antagonists have shown promise in alleviating ASD symptoms in mouse models 
(Silverman et al. 2012) as well as Fragile X pathology.

As summarized in this review, animal and human research to date has shown 
that dysregulation of the OT system is associated with marked deficits in social 
behavior as well as anxiety. This commonality across multiple NDD may indicate a 
shared OT pathway that is affected during development. The use of animal models, 
particularly those developed for FXS, WS and PWS, will provide insight into such a 
pathway, as these disorders have well characterized genetics, whereas there are over 
103 disease genes and 44 genomic loci reported to be involved in ASD (Betancur 
2011). However, unlike in ASD, there is a lack of human data on the pathophysi-
ology of FXS, WS and PWS, as well as pharmacological interventions. Ideally, 
scientists want to identify specific molecular pathways to target distinct syndromes 
and disorders for treatment. However, many effective treatments modulate common 
neurochemical or hormone pathways that are downstream from etiologically con-
tributing factors (e.g. drugs for hypertension). Combining the strengths of human 
and animal model studies across these NDD may provide important clues into the 
role of OT in development, in addition to elucidating the complex neurophysiology 
and treatment targets for FXS, PWS, WS and ASD.
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Abstract The causes of autism are heterogeneous and still largely unknown. Cho-
linergic abnormalities are reported in molecular pathological studies conducted 
on brain tissues from adults with autism and may explain the numerous cognitive 
and behavioural changes seen in the autism spectrum disorders (ASD), including 
impairment in various cognitive domains, memory and attention. Currently avail-
able treatments for the behavioural problems frequently reported in children and 
adults with ASD are largely for symptomatic relief of irritability, hyperactivity and 
repetitive stereotyped behaviour.

In this review we address current knowledge about the cholinergic changes in 
ASD and how these are relevant in clinical setting. In particular, we review the pros-
pect of the use of cholinesterase inhibitors and other cholinomimetics (chemicals 
that can act by either directly stimulating the nicotinic or muscarinic receptors, or 
promote acetylcholine release) in ASD for treatment of both cognitive and behav-
ioural changes, based on their benefits in neurodegenerative (e.g. Alzheimer’s dis-
ease and Lewy Body Spectrum Diseases) and neurodevelopmental disorders (e.g. 
schizophrenia and Down syndrome). As a result, we provide an overview of the 
current use of cholinesterase inhibitors (donepezil, galantamine and rivastigmine) 
and cholinomimetics (e.g. nicotine) in the treatment of cognitive and behavioral 
symptoms in ASD, and discuss developments of novel cholinergic drug interven-
tions that can safely target core disease mechanisms as early as possible.

Keywords Autistic spectrum disorder · Treatment · Acetylcholine · Cholinergic 
changes · Cholinesterase inhibitors · Cholinomimetics

Autism is a pervasive neurodevelopmental disorder characterized by atypical de-
velopment in socialization, communication, and behaviour (American Psychiatric 
Association (APA) 2000). It represents a clinically heterogeneous group of disor-
ders, commonly referred to as “autism spectrum disorders” (ASD). ASD prevalence 
rates are currently predicting that 1 in 88 children will be affected with this disorder 
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(based on 8-year olds: 1:54 boys and 1:252 girls; CDCP 2012), with the latest re-
vised estimate (based on the number of diagnosed ASD people between ages 6 and 
17 in 2011 and 2012) being 1:50 (Blumberg et al. 2013), placing the prevalence 
rate of ASD currently to 2 %. The latest research indicates that the ASD prevalence 
rate may not change overtly with age, with the prevalence rates even for older ASD 
people remaining at 1 %. (Brugha et al. 2011).

The characteristic clinical phenotype of ASD is associated with developmental 
delays in multiple areas of cognitive and behavioural functioning. These include ab-
normalities in social interactions, sensorimotor and perceptual performance impair-
ment in attentional processes and motivation, aberrant communication skills, and 
restricted and repetitive stereotyped behaviours. The aggregation of autistic syn-
dromes, symptoms, or traits varies in the ASD population. This ranges from a full 
diagnosis of autistic disorder to milder autistic syndromes (e.g. Asperger Syndrome 
and Pervasive Developmental Disorder Not Otherwise Specified) and sub clinical 
behavioral features of the autistic syndrome (e.g. social and communication deficits 
and stereotyped behaviours), to the ‘broader autism phenotype’. The latter includes 
language impairments in childhood and social deficits persisting into adulthood (Le 
Couteur et al. 1996), personality traits (including increased expression of anxiety, 
impulsiveness, shyness, over-sensitivity, irritability and eccentricity traits; Murphy 
et al. 2000), that are akin to autistic symptoms, to developmental impairments or 
delays involving more specifically the language command, e.g. communication-
related forms of expression (Pickles et al. 2000, also reviewed in Constantino 2011).

In addition to the abundance of characteristic behavioural and cognitive 
changes, various medical and psychiatric comorbidities are frequently reported 
in autism. These include movement abnormalities, a number of gastrointestinal 
problems (e.g. abdominal problems, constipation or diarrhea), headaches and mi-
graines, ear, nose and throat problems, increased incidence in allergies and food 
intolerance, obsessive compulsive disorder, epilepsy, Tourette syndrome and at-
tention deficit hyperactivity disorder (Gillberg and Billstedt 2000). Anxiety and 
depression, similarly, have been extensively documented (White et al. 2009), 
and they have even higher prevalence rates in adults with ASD (Stuart-Hamilton 
et al. 2009).

15.1  Abnormal Brain Development in Autism

The heterogeneity of the clinical phenotypic presentations in ASD suggests in-
volvement of numerous brain structures, both at macro- and microscopic levels. 
Indeed, a variety of changes in brain volume and functions have been demonstrated 
by functional Magnetic Resonance Imaging (fMRI) and Positron Emission Tomog-
raphy (PET) in ASD subjects. These changes appear to be age-dependent, and are 
more pronounced in younger (2–12.5 years) autistic children (Courchesne et al. 
2001; Mills Schumann et al. 2004; Hazlett et al. 2012), whereas older ASD children 
and adolescents (above the age of 12 years), appear to have normal brain volumes, 
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similar to their control counterparts (Aylward et al. 2002). One explanation for this 
is the well documented cerebral overgrowth of either the white (Herbert et al. 2004) 
and/or grey matter (Palmen et al. 2004) in younger ASD children, which is not the 
case for the ASD adolescents (Aylward et al. 2002).

The mechanisms behind the brain overgrowth in autism are unknown, and may 
be related to alterations in neuroregulatory proteins, neurotransmitters, as well as 
inflammation. Thus, maternal inflammation may play a role in the autistic child 
brain overgrowth. This, in turn, may influence activation of foetal microglia that 
will result in changes to, for example, cholinergic neurons in the basal forebrain 
projecting to medial temporal lobe and various cortical areas, and leading to exces-
sive numbers of cholinergic neurons and 6–8 fold higher levels of choline acetyl-
transferase (Acevido et al. 2007). Furthermore, the levels of various growth-related 
hormones, involved in stimulating acetylcholine release, e.g. insulin-like growth 
factors (IGF-1 and IGF-2), insulin-like growth binding protein IGFB-3 and growth 
hormone binding protein (GHBP) are significantly higher in autistic children than 
in age-matched control subjects (Mills et al. 2007).

15.1.1 Excitatory-Inhibitory Circuit Plasticity in ASD

Neurophysiological studies have confirmed that children with autism have ‘noisy 
and unstable cortical networks’ (Lewine et al. 1999; Wheless et al. 2002), sug-
gesting involvement of excitatory–inhibitory circuit-plasticity mechanisms un-
derlying the ASD clinical phenotype. The enlarged brain in autism, containing 
excess neurons, will result in an excess of excitatory neurons causing an imbal-
ance to the excitatory/inhibitory impulse ratio in various neural circuits. The hy-
perexcitability of neural circuits with increased excitatory impulses will prevent 
correct functional differentiation of neurons or pruning (Rubenstein and Mer-
zenich 2003) and will result in unstable and ‘noisy’ circuitry. This hypothesis has 
been recently confirmed in the mutant mouse model of autism which contains 
excess climbing fibres due to ineffective pruning in early development leading 
to Purkinje cell loss (Mariani 1982). Since neocortical areas in autism are also 
affected by overgrowth, the neural circuits responsible for social interactions and 
memory will also be affected in this way, resulting in the characteristic clinical 
phenotype of autism.

15.1.2  Excitatory-Inhibitory Circuit Plasticity  
and Neurotransmission

Acetylcholine influences attention, short-term memory, sleep–waking cycle through 
modulatory influence on cortical neurons (reviewed in Pepeu and Giovannini 2004). 
Furthermore, acetylcholine can be either an excitatory or inhibitory neuromodulator 
for neurons with postsynaptic G-protein linked muscarinic acetylcholine receptors. 
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If the postsynaptic cell has nicotinic acetylcholine receptors, acetylcholine can act 
as a potent rapid excitatory neurotransmitter. It has been proposed that the behav-
ioural state changes, mediated by the acetylcholine, result from its selective effects 
on the intrinsic membrane properties of cortical inhibitory interneurons (Levy et al. 
2008). However, our current knowledge is insufficient to predict whether acetylcho-
line activity will result in changes in neuronal excitation or inhibition.

Acetylcholine has been shown to reduce the strength of excitatory (glutamater-
gic) synapses. An increase in excitatory activity could be caused by genetic defects 
in the glutamate signalling pathway. The association between polymorphisms in the 
glutamate 6 receptor gene (chromosomal location 6q21) and autism has been docu-
mented in several studies, including a family-based association study (Jamain et al. 
2002; Shuang et al. 2004). A recent report demonstrated the effect of acetylcholine 
on local cortical neurons necessary for shaping sensory processing, via reduction 
of local excitatory input to inhibitory neurons by acetylcholine (Levy et al. 2008).

15.2  Cholinergic System

Acetylcholine released from growing axons, regulates growth, differentiation, and 
plasticity of the developing central nervous system (Lauder and Schambra 1999) 
and modulates neurite outgrowth in developing neurons (Tata et al. 2003). Brain 
derived neutrophic factor (BDNF) encourages the growth of developing neurons 
and maintains mature neurons. The cholinergic basal forebrain projections to cere-
bral cortex and hippocampus are associated with maintenance of cognitive abilities, 
including memory and learning, whereas the brainstem nuclear projections to the 
thalamus and cerebellum are involved in arousal, including changes in the sleep/
wake cycle.

Acetylcholine changes are reported in various animal models of neurodevelop-
mental disorders, including autism. In particular, rodents with neonatal basal fore-
brain cholinergic lesions have impaired cognitive function (Hohmann and Berger-
Sweeney 1998), and are used as animal models for autism (Walker et al. 2007). This 
connection is further strengthened by recent genetic studies linking several neu-
ropsychiatric disorders, including schizophrenia (Levinson et al. 2012), attention 
deficit hyperactivity disorder (Williams et al. 2012), epilepsy (reviewed in Mulley 
and Mefford 2011) and autism (Yasui et al. 2011; Chilian et al. 2013) to abnormali-
ties in the alpha7-nicotinic acetylcholine receptor subunit gene (CHRNA7) (Riley 
et al. 2002).

15.2.1  Brain Cholinergic Receptors

There are two classes of cholinergic receptors in the brain: muscarinic and nicotinic, 
each including a range of subtypes. Both classes appear to co-exist within various 
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neocortical and subcortical areas, whereas few subcortical areas contain only one 
acetylcholine receptor class.

15.2.1.1  Nicotinic Receptors

The nicotinic receptors are involved in regulating neuronal development, includ-
ing neurogenesis, migration, differentiation and synaptogenesis. One of the earliest 
neuroregulatory systems to occur in the developing brain (as early as the first half 
of the first trimester) is the nicotinic acetylcholine receptors (nAchRs). This is fol-
lowed by development of dopamine and norepinephrine neurons in the following 7 
weeks, with the cholinergic fibres entering the brain cortex from 28 to 40 weeks of 
gestation (reviewed in Dwyer et al. 2008). nAChRs may mediate neuronal pruning 
and regulate neural pattern formation by decreasing overproduction of cells and 
outgrowth and guiding remaining neurons to their targets.

The neuronal nicotinic receptors are pentamers consisting of α- and β-subunits 
(α2–α10 and β2–β4; reviewed in Metherte 2004; Gotti et al. 2006; Dwyer et al. 
2008). They can be either heteromeric receptors (consisting of a combination of α- 
and β-subunits) or homomeric nicotinic receptors (consisting of all five α-subunits 
(Fig. 15.1). Out of different combinations of α- and β-subunits, eleven can be found 
in the central nervous system, predominantly consisting of α4β2 heteromeric recep-
tors and α7 homomeric receptors.

The composition of the nicotinic receptor is important, since distinct subunits not 
only play a role in different functional conformation characteristics of the receptor, 
but also regulate cholinergic neurotransmission in distinct brain areas. Thus, α7 
containing receptors are associated with low affinity for nicotine and a rapid desen-
sitization in presence of agonists, whereas α4β2 receptors have higher affinity for 
nicotine and slower rates of desensitization (reviewed in Metherte 2004). Incorpo-
ration of the alpha5 nicotinic acetylcholine receptor (nAChR) subunit into the α4β2 
nAChRs increases the excitatory response and influences the maturation of layer VI 
prefrontal cortex neurons (Bailey et al. 2012) and is required for normal attentional 
behaviours in adult mice (Bailey et al. 2010). The α3β2 subunits are expressed in 
the visual pathway with α4α6β2β3 receptor subtypes being present in visual and 
mesostriatal pathways, and most likely having specific roles in the brain function 
(reviewed in Steinlein and Bertrand 2008), whereas α4β3 heteromeric receptors 
play a role in controlling glutamate release (Alkondon and Albuquerque 2004).

The α7 nicotinic receptors are highly enriched in hippocampal neurons, co-lo-
calizing with GABA-ergic neurons (Kawai et al. 2002) and dendrites (Sylvester 
Vizi et al, 2004) and mediate GABA release, whereas nicotinic agonists against 
the α7 nicotinic receptors modulate dendritic growth (Torrao et al. 2003). Thus, the 
documented association of microdeletion of chromosome 15q13.3 that encompasses 
several genes, including the gene for α7 nicotinic acetylcholine receptor (CHRNA7) 
results in decrease in hippocampal α7 receptor density, abnormal hippocampal audi-
tory sensory processing and increased hippocampal CA3 pyramidal neuronal activ-
ity in animal studies (Adams et al. 2012), further providing support that reduced 
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CHRNA7 expression may contribute to the hippocampal abnormalities of inhibitory 
circuits, as observed in ASD. Interestingly, the allosteric potentiation of α7 nAChR 
may mediate the antipsychotic-like effect of the cholinesterase inhibitor galantamine 
as an adjunctive treatment (Wiker et al. 2008), providing further support for devel-
opment of novel α7nAChR selective antipsychotic treatment that could be used in 
schizophrenia and other related psychiatric disorders, including ASD.

15.2.1.2  Muscarinic Acetylcholine Receptors

The muscarinic acetylcholine receptors (mAChR) mediate most of the action of 
acetylcholine not only in the central and peripheral nervous system, but also in the 
end organs of the parasympathetic nerves (e.g. cardiac and smooth muscles and 
secretory glands).

mAChRs are implicated in learning and memory. Out of the five mAChR (M1-
M5) identified in mammals, M1 receptors are important for cognitive processes, 
including working memory (Felder et al. 2000; Auld et al. 2002) and activation of 
M1 receptors has cognition-enhancing effects, including restoring impaired learn-
ing (Shirey et al. 2009). In contrast, neurodegenerative processes, e.g. amyloid 

Fig. 15.1  Nicotinic receptors. Graphic presentation of homomeric and heteromeric receptors and 
their location. Most functional nAChRs contain more than one subunit, and are therefore hetero-
meric. The different subunit combinations determine the receptor properties in terms of affinities 
for different ligands electrophysiological properties, Ca2 + permeability and ability to be ‘unregu-
lated’ by nicotine. Yellow circles refere to acetylcholine binding sites. (Reprinted in a modified 
format from Taly et al. (2009, pp. 733–750). Copyright (2009) with permission from Nature Pub-
lishing Group; and from Gotti et al. (2006). Copyright with permission from Elsevier
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deposits, can decrease the neurotransmission signals of these receptors, resulting in 
decreased cholinergic activity (Auld et al. 2002).

M2 mAChR is located presynaptically, and similar to M1 mChAR, is predom-
inantly found in the cerebral cortex and hippocampus, but in contrast to M1, is 
present both on cholinergic and noncholinergic terminals (reviewed in Nathanson 
2008). In contrast to the M1 and M2 mAChRs that are found within the brain tis-
sue, M3 receptors are localised to the peripheral nervous system, and contribute to 
the cholinergic stimulation of gastrointestinal motility (Matsui et al. 2000), mediate 
cholinergic-induced dilatation of coronary arteries (Lamping et al. 2004), and de-
trusor bladder contractions (reviewed in Abrams et al. 2006), stimulate parathyroid 
gland secretion (Culp et al. 1996) and mediate salivation (Matsui et al. 2000). In-
terestingly, a recent case report (Petersen et al. 2013) identified an individual with 
autism who had a deletion in 1q43 comprising only one coding gene, CHRM3, for 
mAChR M3. This finding expands upon previous animal knock-out M3 receptor 
studies, on the link between the M3 muscarinic receptor pathophysiology and the 
neurocognitive phenotype of ASD.

The M4 mAChRs in contrast are inhibitory autoreceptors for acetylcholine. 
Their activation inhibits acetylcholine release in the striatum. The depression in M4 
activity (as demonstrated in M4 knock-out mice) results in abnormal social behav-
iour, including locomotor hyperactivity, reduction in social contacts, sensory motor 
gating deficits (Koshimizu et al. 2012), similar to those found in ASD subjects and 
schizophrenia. The M5 mAChR receptors are also found in the hippocampus and 
various subcortical areas, including substantia nigra, ventromedial hypothalamic 
nucleus, mammillary bodies, and ventral tegmental area (Vilaró et al. 1990) and 
may play a role in the regulation of the dopaminergic nigrostriatal pathway, and also 
up-regulate the expression of immunoglobulin G and proinflammatory cytokines 
(Kawashima et al. 2012).

15.3  Post-Mortem Studies

15.3.1  Muscarinic Receptors in Autism

Muscrininic receptor changes have not been extensively investigated in autism. 
Our own post-mortem study has found 30 % decrease in M1 receptor binding in 
the cortical regions of autistic subjects (Perry et al. 2001; Table 15.1). This could 
be attributed to epilepsy, as 40 % of autistic children are estimated to suffer from 
epilepsy (Minshew et al. 1997). Furthermore, low numbers of M1 receptors have 
been reported in hippocampal sclerosis, linked with temporal lobe epilepsy (Pennell 
et al. 1999) and in the hippocampal CA1 region in aged epileptic animals (Cavarsan 
et al. 2011). However, the findings of Perry et al. (2001) were not due to presence 
of epilepsy within the series of autism individuals examined. The findings from the 
latter study are similar to those reported for schizophrenia, where one of the more 
consistent neurotransmitter abnormalities is loss of the various muscarinic receptors 
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(e.g. M1 and M4) in different brain areas, including the superior frontal and tempo-
ral gyri and hippocampus (Mancama et al. 2003; Deng and Huang 2005; Scarr et al. 
2007; Kang et al. 2009).

15.3.2  Nicotinic Receptor Changes in Autism

We have demonstrated significant loss of nicotinic receptors (40–50 and 65–73 % 
for the cerebellar cortex, and the parietal and frontal cortices, respectively) in autis-
tic adult subjects compared to control counterparts (Perry et al. 2001; Table 15.1). In 

Table 15.1  Summary of post-mortem studies focusing on the cholinergic system in adults with 
ASD
Study Subjects Main findings in adult subjects with autism compared to control
Perry 
et al. 
2001

7 autistic adults 
(diagnosed 
by DSM-IV 
criteria), 6 MR 
adults, 3 adults 
with Down’s 
syndrome, 6 
controls

Lower cortical M1 receptor binding (up to 30 %) and decrease in 
nicotinic receptors by 65–73 % present in the parietal and frontal 
cortices
Lower levels of α4 and β2 nicotinic receptor subunits were 
found in the parietal cortex
BDNF expression was three-fold higher in the basal forebrain

Lee et al. 
2002

8 autistic MR 
adults (diag-
nosed by DSM-
IV criteria), 11 
non-autistic 
MR adults, 10 
controls

A reduction of 40–50 % nicotinic receptor binding to the agonist 
epibatidine (subunits α3, α4, β2) in the granular, Purkinje and 
molecular layers
A three-fold increase in the nicotinic receptor binding of 
α-bungarotoxin (α7 subunit) in the granule cell layer
A decrease in α4 receptor subunits in Purkinje and other cell 
layers
A non significant increase in α7 subunit in the granule cell layer

Martin-
Ruiz et al. 
2004

6 autistic adults 
(diagnosed 
with DSM-IV 
criteria), 8 
controls

Lower expression of α4 and β2 subunit mRNA levels, protein 
expression and receptor binding density in the parietal cortex
α4 subunit mRNA levels were higher and the protein expression 
and receptor density decreased in the cerebellum
Non significant increases in α7 subunit mRNA and protein 
expression levels and significant increases in receptor binding 
density in the cerebellum

Ray et al. 
2005

3 autistic adults 
(diagnosed by 
DSM-IV crite-
ria), 3 controls

Decrease in α7 and β2 immunoreactive neurons in the paraven-
tricular nucleus (PV) and nucleus reuniens
No difference between autistic and control adults in co-expres-
sion of α7 and glutamic acid decarboxylase in the PV
The above suggests that the loss of α7 subunits in autism is not 
due to a loss of GABA-ergic neurons

DSM-IV diagnostic and statistical manual of mental disorders, MR mentally retarded, M1, mus-
carinic acetylcholine receptor M1, BDNF brain derived neutrophic factor, PV paraventricular 
nucleus
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the parietal cortex specifically, there were 30 % lower levels of α4 and β2 nicotinic 
receptor subunits (p < 0.05). Similar changes were also reported for the thalamus, 
with a significant decrease in numbers of α7 and β2 immunoreactive neurons in the 
paraventricular nucleus and nucleus reuniens in autistic subjects (Ray et al. 2005).

The profound involvement of the nicotinic cholinergic system in autism was 
further supported by a study in the cerebellar cortex, that reported lower nicotinic 
receptor binding for the agonist epibatidine (α3, α4, β2) restricted to the granule 
cell, Purkinje and molecular layers in the analysed autistic subjects (Fig. 15.2). In 
contrast, in the granule cell layer, there was a three-fold increase in the nicotinic 
receptor binding for the agonist α-bungarotoxin (α7 subunit), despite choline acet-
yltransferase (ChAT) levels being similar in autistic and control subjects (Lee et al. 
2002). This suggests that the presynaptic cholinergic system is not altered in autistic 
subjects.

Our other studies concentrated on investigating the levels of mRNA, protein ex-
pression and receptor binding densities of the various nicotinic receptor subunits in 
both autistic and control subjects (Figs. 15.2 and 15.3). The α4 mRNA levels, pro-
tein expression and receptor binding densities were all lower in the parietal cortices 
of autistic subjects than in controls ( p < 0.05; Martin-Ruiz et al. 2004; Table 15.1). 
β2 protein expression was similarly found to be 5-fold lower in this brain area in the 
autistic subjects, but did not reach statistical significance. Although the cerebellar 
α4 mRNA levels increased, the protein expression and receptor binding densities 

Fig. 15.2  nAChR subunit immunochemistry in the cerebellar cortex. nAChR α4 (a and c) and 
α7 (b and d) subunits in autistic (c and d) compared to control (a and b). M  molecular layer, 
p  Purkinje cell layer, g granule cell layer. (Reprinted from Mukaetova-Ladinska et al. (2010, 
pp. 129–161). Copyright (2010) with permission of Springer Science + Business Media
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decreased in the autistic children ( p = 0.02). Levels of α7 receptor subunit binding 
density were also increased in the cerebellum ( p < 0.05), as well as non-significant 
increases in mRNA levels and protein expression (Martin-Ruiz et al. 2004).

The significance of loss of nicotinic receptors in neocortical, cerebellar, thalamic 
and striatal regions in adult autistic individuals (Perry et al. 2001; Lee et al. 2002; 
Martin-Ruiz et al. 2004; Figs. 15.2 and 15.3) is unknown. Since these receptors are 
widely localised pre- and post-synaptically, reduced expression of nAChR (espe-
cially α4β2 nAChR, Martin-Ruiz et al. 2004) indicate widespread nicotinic receptor 
dysfunction and disconnectivity. These cholinergic system abnormalities could be 
related to cortical cell loss or dysfunction, including changes caused by abnormal 
cortical neuronal morphology (for example synaptic and dendritic abnormalities, 
Mukaetova-Ladinska et al. 2004), similar to other developmental disorders (such as 
schizophrenia in which nicotinic receptors have also been implicated).

Neurotrophins mediate acetylcholine release from cholinergic neurons (Huh 
et al. 2008). In particular, the brain-derived nerve growth factor (BDNF) contributes 
to both pre- and postnatal brain development, and influences nAChR activity (Fer-
nandes et al. 2008). This strongly argues for its association with a number of dis-
eases associated with cognitive changes, including autism. A recent report studying 
autistic babies found 62 out of 64 to have increased blood levels of BDNF (Nelson 
et al. 2000). Furthermore, animal studies have confirmed that impairment in BDNF 
release at axonal level results in ‘autism-like’ behavior, with profound deficits in 
social and anxiety-related behaviors (Sadakata et al. 2012). However, the BDNF 
measurements in the human autistic brain tissue are not conclusive. Thus, both in-
crease in BDNF-immunoreactivity in the fusiform gyrus (Garcia et al. 2012), and 

Fig. 15.3  Location of cholinergic deficits in the autistic brain. Summary of findings listed in the 
text. (Reprinted from Mukaetova-Ladinska et al. (2010, pp. 129–161). Copyright (2010) with per-
mission of Springer Science + Business Media
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decrease in BDNF cortical concentration (Sheikh et al. 2010) in autistic children 
have been reported. These neurobiochemical measures closely follow the inconclu-
sive pattern of peripheral blood BDNF measures in ASD subjects (Hashimoto et al. 
2006; Nelson et al. 2006; Katoh-Semba et al. 2007; Croen et al. 2008; Abdallah 
et al. 2012). Interestingly, no changes in the nerve growth factor (NGF) were noted 
in the postmortem study (Perry et al. 2001). Since neurotrophic factors regulate the 
expression of nicotinic receptors (e.g α7 nAChR; Massey et al. 2006), more detailed 
studies are warranted to address the brain and the peripheral BDNF content in ASD.

A recent study also implicated the neurexin-1β dysfunction in relation to the 
α4β2 synaptic targeting to the presynaptic neuronal terminals (Cheng et al. 2009), 
thus further providing support for the role of altered synaptic changes in ASD. In-
terestingly, the β2-containing nAChRs have been shown to regulate executive and 
social behaviours (as demonstrated in a β2 nAChR subunit knock-out mice; Granon 
et al. 2003), which is very similar to the significant reduction of the α4β2 nAChR 
expression that we have described in the parietal and the cerebellar cortex.

Since nAChRs are known to modulate the release of other neurotransmitters, e.g. 
GABA and glutamate (Lavine et al. 1997; Baulac et al. 2001), the deficit of nico-
tinic receptors may denote the early imbalance between the excitatory (glutamater-
gic) and inhibitory (GABAergic) interneurons in the autistic brain, and thus would 
increase the excitatory/inhibitory impulse ratio further, and consequently result in 
worsening of the clinical presentation of autism. To explore these possibilities im-
munohistochemical double labelling studies using antibodies to specific nicotinic 
receptor subunits together with GABA or glutamate markers are needed.

15.4  Cholinergic Therapies for Autism

15.4.1  Acetylcholinesterase Inhibitors (ChEI)

These cholinergic abnormalities in the adult autistic brain tissue may be relevant 
to the clinical phenotype of ASD, especially cognitive deficits. Augmentation of 
acetylcholine, therefore, may help regulate some of these deficits; acetylcholines-
terase inhibitors (ChEIs) decrease the rate at which acetylcholine is broken down. 
Donepezil, galantamine and rivastigmine are all ChEIs, licensed for the treatment 
of Alzheimer’s and Parkinson’s disease dementia, and also relevant to treatment of 
other neuropsychiatric disorders such as Lewy Body Dementia, Down syndrome, 
delirium, schizophrenia, depression, mania, traumatic brain injury, attention deficit 
hyperactivity disorder etc. (reviewed in Yoo et al. 2007). In the case of dementia, 
ChEIs have been shown to improve both cognitive and behavioural changes, global 
function and activities of daily living (reviewed in Farlow et al. 2008).

ChEIs have been predominantly used in adults and older people. Their safety 
for younger people has been recently demonstrated in children with Down syn-
drome (DS). Heller et al. (2004) reported significant improvement of expressive 
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and receptive language performance in 7 DS children (ages 8–13 years) in a 16 
week open-label trial (Donepezil, 2.5–5 mg/day, followed by 6 weeks of washout 
period). These findings were confirmed when the study was extended to a 22 week 
open-label trial (Donepezil 2.5 mg/day and 5 mg/day; Spiridigliozzi et al. 2007). 
Overall, Donepezil was well tolerated; subjects had language improvement, though 
some of the participants exhibited increased irritability and/or assertiveness. How-
ever, a later study by Kishnani et al. (2010), also conducted on young DS subjects 
(10–17 years of age, with mild to moderate degree of intellectual disability) failed 
to replicate these findings.

Similar results of improvement of adaptive function, attention, memory and lan-
guage have been reported for another ChEI, rivastigmine, in 11 DS children and 
adolescents (ages 10–17 years; Heller et al. 2006). However, in the follow-up study, 
the long-term use of rivastigmine (38 months) in the same group of DS subjects 
did not result in significant improvement of cognitive and language performance 
(Heller et al. 2010). These results, coming from a small number of participants in 
these trials, argue that the initial benefits of the ChEIs seen in the DS children may 
level off with the ageing process. However, larger controlled studies that will em-
ploy tests that will cover the performance across multiple psychological domains, 
including functional ability of the DS subjects are required.

Studies in young DS children treated with ChEIs did not highlight overt side ef-
fects, and were consistent with the adverse events noted for ChEIs in older adults. 
Thus, mild, transient, worsening of gastrointestinal functions, e.g. diarrhea, nau-
sea and vomiting, decreased appetite and moodiness appeared with the initiation 
of the treatment, whereas problems with sleep, fatigue and emotional lability (e.g. 
rivastigmine 4.5 mg daily; Heller et al. 2006), cramps and hypotension (donepezil 
10 mg daily; Heller et al. 2004) were transient late adverse effects, associated with 
increasing ChEI dose and resolved within few days.

15.4.2  ChEIs Treatment in Autism

The studies of the use of ChEIs in DS confirmed the good tolerability of these drugs 
in children, and their potential in regulating some of the similar behavioral and 
cognitive symptoms in DS and ASD. Over the last decades, all 3 ChEIs have been 
used in behavioral and cognitive studies in both animal models of autism, as well as 
children and adolescents with a clinical diagnosis of ASD (Table 15.2).

15.4.2.1  Donepezil

Donepezil inhibits acetylcholinesterase activity and improves memory and spatial 
learning. In a recent animal study, an intraperitonal injection of donepezil in a 
mouse model of autism (BTBR mice) resulted in significant improvement of 
autism-relevant phenotypes, including decreasing cognitive rigidity, improving 
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social preference, and enhancing social interaction, whereas when injected in the 
dorsomedial striatum, donepezil improved cognitive-rigidity and social-deficiency 
phenotypes (Karvat and Kimchi 2013). These findings provide further evidence for 
the key role of the cholinergic system in ASD, and suggest that increased cognitive 
flexibility, as a result of acetylcholine augmentation, may result in enhanced social 
attention.

There are few studies assessing the value of treating autistic subjects with done-
pezil (Table 15.2). Hardan and Handen (2002) studied the effects of donepezil on 
eight autistic children and adolescents (7–19 years age). All of the patients were 
diagnosed using DSM-IV criteria and underwent an open-label trial with donepezil, 
to assess benefits on their behaviour. Four of them showed improvements in their 
irritability and hyperactivity; however, assessments of their cognitive functioning 
and memory were not conducted. Only two side effects were reported: one patient 
had gastrointestinal problems and another one a mild increase in irritability. Chez 
et al. (2003) conducted a 6 week double blind study with donepezil, followed by a 
6 week open trial with donepezil on a group of 43 children with autism (2–10 years 
of age) or pervasive developmental disorder. After 6 weeks, the donepezil treated 
group showed, improvements in overall autistic behaviour, and receptive and ex-
pressive language compared to the placebo group.

Although these two studies suggest that donepezil may be effective in treating 
children and adolescents with autism, the results are not conclusive and more dou-
ble blind placebo studies need to be carried out. A recent study also dealt with use 
of donepezil in regulation of Rapid Eye Movement (REM) sleep disorder in young 
children with autism (Buckley et al. 2011). Since REM sleep duration is greatest 
in the developing brain and represents the privileged time for neuroplasticity, REM 
sleep augmentation in children with autism may also have an impact on their cogni-
tion and behaviour. This warrants further studies.

15.4.2.2  Galantamine

Besides being a ChEI, galantamine has also allosteric nicotinic receptor modulatory 
effect which could be particularly relevant in autism in view of nicotinic recep-
tor pathology. As with donepezil, there are few studies of galantamine and autistic 
patients (Table 15.2). A placebo controlled, double blind crossover, randomized trial 
with galantamine was conducted by Niederhofer et al. in 2002. Twenty boys (mean 
age = 7.4 years) with autistic spectrum disorder, diagnosed by ICD-10 criteria, were 
treated with placebo or galantamine. On average, the subjects receiving the placebo 
scored slightly higher than the subjects receiving galantamine. Improvements were 
seen in hyperactivity, inadequate eye contact and inappropriate speech. Clinicians’ 
scores were not significantly different between the placebo and galantamine groups. 
No side effects were reported but most subjects had very limited language capaci-
ties. The study concluded that galantamine may be moderately effective in the short 
term treatment of irritability in autism.
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In another study, galantamine improved verbal skills in 3 autistic adults (Hertz-
man 2003). Each subject exhibited an improvement in verbalization, and in some, 
social behavior improved. Only one person experienced side effects. An open la-
bel trial by Nicolson et al. (2006), evaluated the use of galantamine with thirteen 
children (mean age = 8.8 years) with autism. Eight of the thirteen children (61.5 %) 
benefited from treatment with improvements in irritability, social withdrawal, emo-
tional liability, inattention and aggression. There were no side effects reported ex-
cept headaches in one patient.

15.4.2.3  Rivastigmine

Only one open label study on use of rivastigmine in autism has been published 
(Chez et al. 2004; Table 15.2). 32 autistic children (unspecified ages) were recruited 
to take part in a 12 week open label trial, and repeatedly tested at baseline, 6 and 12 
weeks. Improvements were seen with regards to autistic behaviour, particularly in 
verbalization.

15.4.2.4  Combined Use of ChEI with Neuroleptic and Antidepressant 
Medications

Although the successes of most pharmacological treatments for autistic adults are 
limited, combining medications may prove to be more effective. Studies on the 
joint use of ChEIs and neuroleptic medications in adults with schizophrenia are 
encouraging. Thus adjunctive treatment with donepezil improves cognition in pa-
tients with schizophrenia who are stabilized on atypical antipsychotics (Chung et al. 
2009). The most recent meta-analysis, based on six open-label and 24 double-blind 
randomized controlled studies reported that donepezil, rivastigmine and galan-
tamine adjunctive therapy improve specific cognitive deficits, such as memory, 
motor speed and attentional aspect of executive function in patients with schizo-
phrenia and schizoaffective disorder (Ribeiz et al. 2010). Similar adjunctive treat-
ment approach was reported recently by Srivastava et al. (2011) in a child with 
autism. In their case report, they discuss the management of behavioral problems 
(e.g. hyperactivity) in a 5 years old boy with autism, who was initially treated with 
Risperidone 0.5 mg for 8 weeks with no improvement. The add-on treatment with 
donepezil (5 mg daily) resulted in significant improvement of his behavior within 
the next 6 weeks that was characterized as better verbal communication, eye contact 
and emotional response, as well as decreased hyperactivity. Similar results were 
recently confirmed in a randomized control study on 40 children with autism (age 
4–12 years) in which the add-on therapy of galantamine to risperidone improved 
irritability, lethargy and social withdrawl (Ghaleiha et al. 2013). This suggests that 
the adjunctive treatment with ChEIs may find a place in the treatment of various 
behavioral and cognitive changes even in young children. However these findings 
need to be replicated in larger studies. Furthermore, this approach can potentially be 
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extended to concomitant use of ChEIs and antidepressant medications, e.g. SSRIs, 
similar to that used in elderly with Alzheimer’s disease, which had improvements in 
both cognitive functioning and functions of daily living (Mowla et al. 2007).

15.4.3  Treatment of Autism with Nicotinic Agonists or 
Antagonists

15.4.3.1  Nicotinic Agonists

In clinical studies, nicotine has been documented to ameliorate some of autistic 
spectrum symptomatology. Nicotine-agonists (Gaynor and Handley 2001) and nic-
otine patches improved attention and reduced complex tics in autistic subjects with 
Tourette’s syndrome (Howson et al. 2004). Most recently we also reported on the 
benefits of cholinomimetic therapy (e.g. nicotine patch) on a vast range of behav-
ioral problems (e.g. hyperactivity, behavioral dysfunction, impulsivity, restlessness 
and aggression, and a pronounced sleep disorder) in a 22-year old adult with autism 
who had profound mental disability (Mukaetova-Ladinska et al. 2012). Interest-
ingly, even the use of a single nicotine patch produced a significant reduction of the 
symptomatology with an average duration of 1–2 weeks post-application (Shytle 
et al. 1998), whereas prolonged use of the patch also contributes to discontinuation 
of adjunctive medication, including neuroleptics and antidepressants (Mukaetova-
Ladinska et al. 2012). This effect is not mediated via the tryptophan metabolism 
and/or its catabolites (Gaynor and Handley 2001).

15.4.3.2  Nicotinic Cholinergic Antagonists

Treatment with nicotinic cholinergic antagonists may also alleviate autistic symp-
toms (Lippiello 2005). The loss of nicotinic receptors from the frontal, cerebellar 
and thalamic cortices (summarized in Table 15.1) in autistic adults may be a com-
pensatory measure (or a result of negative feedback), for an excess of cholinergic 
neurons found in the enlarged young autistics’ basal forebrain (Baumann and Kem-
per 1994). Treatment with a nicotinic antagonist could potentially reduce the effects 
of the excess cholinergic neurons, preventing the reduction of nicotinic receptors in 
other parts of the brain.

As a nicotinic AChR agonist, nicotine stimulates dopamine release in the brain 
(Wonnacott et al. 2005). Dopamine agonists (reviewed in Möller et al. 2008) ap-
pear to exacerbate autistic symptoms, so a nicotinic antagonist would theoretically 
have therapeutic benefits. Mecamylamine is a nonselective and noncompetitive an-
tagonist of nicotinic acetylcholine receptors, with similar effects like nicotine. As 
such, it has a potential to be used in treatment of the clinical phenotype of autism. 
The evidence from a rodent study provides support for this. Thus, low doses of 
mecamylamine (0.125 mg/kg) administered to rats significantly improved cognitive 



324 E. B. Mukaetova-Ladinska and E. K. Perry

function compared to saline injected controls ( p < 0.05; Levin and Caldwell 2006). 
Recently, it has also been used safely in a clinical trial in children with ASD. In 
their placebo controlled pilot trial on 18 children with autism, Arnold et al. (2012) 
reported modest to moderate improvement in the 10 mecamylamine-treated chil-
dren, with 4 children having marked reduction in hyperactivity and irritability, as 
well as better verbalization, although the overall differences between the treated and 
control groups were negligible.

Similarly, the availability of allosteric modulators of nicotine acetylcholine re-
ceptors and selective/partial agonists for the α7 nAChR, such as choline derived 
from dietary administration of cytidine 5′diphosphocholine and anabasine deriva-
tives (Deutsch et al. 2011) may provide further avenues for clinical trials that would 
explore the effects of α7 nAChR agonist strategies in improving the behavioural 
and cognitive changes in ASD subjects. A recent animal study also found that the α7 
nAChR partial agonists have a better efficacy in improving memory than the α4β2 
nAChR agonists (Kroker et al. 2011) as a result of the additional involvement of the 
glutamatergic system leading to improved cognition. Varenicline, a α4β2 nAChR 
agonist, may also find a place in the ASD treatment, but its safety has not yet been 
determined in children, and the latest review of literature highlighted significant 
increase in adverse neuropsychiatric syndromes, including suicide in treated adults 
(Ahmed et al. 2013). However, other published evidence provides lack of serious 
neuropsychiatric adverse events in subjects with various psychiatric disorders who 
are administered varenicline (Anthenelli et al. 2013; Fatemi et al. 2013; Gibbons 
and Mann 2013).

Having said this, Arnold et al. (2013) reported on a single case of a 9 years old 
boy with autism treated with varenicline, who showed significant improvement in 
conversational ability, social interactions and reasoning within 1 month of starting 
the treatment with ongoing atomoxetine co-administration. Within a week of stop-
ping the varenicline (due to overt depressive symptomatology), he regressed to his 
psychological status prior to initiation of the treatment, which was stabilized again 
when varenicline was resumed. Furthermore, stoping the atomoxetine helped regu-
late the affective side effects. No adverse effects, e.g. gastrointestinal side effects and 
sleep disturbances were noted in this child. The authors also highlighted the sensitiv-
ity to lower drug doses in ASD, suggesting a dose-response study, initially in adults 
and adolescents, as an initial step in exploring the efficacy of varenicline in ASD.

15.5  Conclusions

While it is accepted that the causes of autism are heterogeneous, we are still far 
from understanding the specific etiologies for this condition and its appropriate 
treatments. In autism, neuronal migrational arrest and changes in synaptic and den-
dritic arborisation (Mukaetova-Ladinska et al. 2004) are accompanied by complex 
relationships between various interactive neurotransmitter systems, of which the 
cholinergic neurotransmission appears to be substantially affected.
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The limited number of cholinergic brain pathology studies in autism have all 
been conducted on relatively small numbers of adult individuals, in restricted brain 
areas, and not always related to core or other clinical symptoms. A key question is 
the extent to which these receptor changes are central to the disorder, and whether 
they emerge at an early or later stage.

Nevertheless, our work on cholinergic changes in the brain tissue in people with 
autism provides a research framework for further development of novel diagnostic 
tools and therapeutic advantages in this area. The documented changes in nicotinic 
receptors, in particular α7 nAChAR, provide a promising venue for development 
of novel diagnostic tools, based on PET and receptor microtransplantation (Palma 
et al. 2012). Such neuroimaging studies in autism are feasible since there are now 
reliable markers for muscarinic and nicotinic PET or Single Photon Emission Com-
puted Tomography (SPECT) receptor imaging. There are recent reports of increased 
choline levels in autism (Hardan et al. 2008; Gabis et al. 2008; Vasconcelos et al. 
2008) using MRI proton spectroscopy imaging (MR SPECT), that may be relevant 
to cholinergic dysfunction. However, these findings are not conclusive, and similar 
acetylcholine levels have been described in both autistic boys aged 6–17 years (De 
Vitto et al. 2007), adults with autism (Bernardi et al. 2011) and control subjects us-
ing similar methodology.

The latest developments in imaging of cholinergic receptors provide further in-
depth research tools for use in clinical studies of autism. Thus, the novel radiotrac-
ers for in vivo imaging of muscarinic M1 agonists (Buiter et al. 2013), molecular 
markers of α7 nicotinic acetylcholine receptors (Rötering et al. 2013), as well as 
α4β2 receptors (Pandey et al. 2012; Hillmer et al. 2012, 2013) have a potential 
to be used in autism not only to address the molecular changes of the cholinergic 
neurotransmitter system (in particular, the complex interactions of cognitive and 
behavioural ASD clinical symptoms with cholinergic neuronal networks), but also 
for diagnosis and development of novel pharmacological treatments for ASD.

Since the etiological causes of ASD remain unknown, the current treatments of 
the disturbing behavioral profile are largely symptomatic. The cholinergic deficit in 
autism and the promising results of cholinergic drug trials so far indicate that fur-
ther testing of ChEIs to regulate the cognitive and associated behavioral changes in 
autistic subjects is needed. The use of ChEIs (donepezil, galantamine and rivastig-
mine) in open label trials is reported to improve core symptoms, but double-blind 
placebo trials are needed to provide more accurate information. A recent animal 
study using a pharmacologically-induced deficit in prepulse inhibition, suggested 
that cholinesterase inhibitors may have distinct profiles in regulating auditory sen-
sory gating (Hohnadel et al. 2007), warranting further studies on similar deficits in 
the autistic spectrum disorder.

The findings of loss of muscarinic receptors in the brain tissue in autism may 
also provide a further venue for development of novel treatments. These devel-
opments should concentrate on the M1 and M2 receptors, both of which are in-
volved in regulating memory and behavioral flexibility. The initial reports of the 
use of the selective M1 muscarinic agonist CDD-0102A in rats are favourable 
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in respect to augmenting memory and cognitive deficit (Ragozzino et al. 2012), 
and thus may find a potential place in the treatment of a variety of neurological 
and psychiatric disorders, including autism. Although there are several muscarinic 
agonists already developed, none of them has been approved for pharmacological 
use in humans, largely as a result of serious adverse effects. This latest muscarinic 
agonist has the advantage of lack of profound adverse effects, including hyper-
salivation, and appears more promising as a pharmacological agent to selectively 
augment the M1 muscarinic receptor in Alzheimer’s disease, schizophrenia and 
autism.

Another therapeutic approach that can be implemented very early on is modi-
fying the neurotransmission via a change in diet. Thus, regulating the intake of 
tryptophan, tyrosine and choline can be useful in regulating sleep and mood (Zeisel 
1986). Similarly, use of cholinomimetics may find a place in the treatment of some 
of the symptoms of the autistic spectrum disorders. Thus, a Russian study (Kras-
noperova et al. 2004) explored the use of choline alfoscerate (CA; 400 mg/day) in 
20 children (aged 3–8 years) with mild to moderate autism. The treatment lasted 8 
weeks, alongside with maintenance therapy with neuroleptics. Positive therapeu-
tic effect was observed in 89 % of treated autistic subjects: 61 % had significant 
improvement, whereas minimal efficacy was observed in 28 %. The clinical ben-
efits included improvement of behavior, development of social and communicative 
skills, reduction of marked speech disturbances, enhancement of learning activity 
and productivity. The findings of this study suggest that CA may be an effective and 
safe medicine for treatment of cognitive and behavioral disturbances in autism, and 
could be used safely in combination with additional neuroleptic therapy. This is of 
importance, since children with autism have low dietary intake of choline (James 
et al. 2011).

A parallel approach to cholinergic therapies involves use of cholinergic precur-
sor loading strategy, involving choline and lecithin (Amenta and Tayebati 2008). 
There is one open label trial of choline in children with autism with positive out-
come although how this can be reconciled with the imaging data on elevated cho-
line (above) is unclear. What we now need is controlled trials of diet in the autistic 
spectrum disorders fully supported with biochemistry to establish the role of change 
in diet on behavioral and neurotransmitter changes in autism.

In addition to possible dietary modulation of the cholinergic system there are 
also herbal agents with relevant bioactivities. For example numerous plants have 
cholinesterase inhibitory activity (Houghton et al. 2006). Some of these such as 
sage ( Salvia officinalis), lemon balm ( Melissa officinalis) and kampo herbal rem-
edies (e.g. Yokukansan, which is composed of seven herbs) improve cognition, 
sleep and mood in healthy adults (Kennedy et al. 2003; Tildesley et al. 2003, 2005; 
Scholey et al. 2008; de Caires and Steenkamp 2010). As these herbs are without 
adverse side effects at standard doses, they may be worthy of consideration in treat-
ment of autism spectrum disorders.

Although the laboratory-based work on the cholinergic deficit in ASD large-
ly derives from animal studies, the limited number of neuropathological studies 
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conducted on human postmortem brain tissue of autistic adults has broadened our 
understanding of the clinical relevance of both muscarinic and nicotinic receptor 
abnormalities in autism. Furthermore, these studies have also resulted in further ap-
plication of the pharmacological potential, of cholinesterase inhibitors, and further 
development of similar novel pharmacological agents that can correct cognitive and 
behavioral abnormalities in ASD.
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Abstract Autism is a heterogeneous neurodevelopmental disorder. The etiology 
of autism remains unknown although both genetic and environmental factors are 
likely to be involved. These factors disrupt the course of normal brain development 
from the cellular to the gross anatomical levels. The Reelin, gamma-aminobutyric 
acid (GABA), and fragile X mental retardation protein (FMRP)—metabotropic 
glutamate receptor 5 (mGluR5) signaling systems play important roles during the 
development of the nervous system. Disruption of these pathways is likely to lead 
to altered synaptic transmission and, ultimately, the cognitive and behavioral defi-
cits associated with autism. This chapter describes each of these signaling systems 
and summarizes the current evidence that link them to autism. Therapies that target 
molecules in these signaling systems may provide new means of treating the core 
symptoms of autism.

Keywords Reelin · GABA · FMRP · mGluR5 · Brain 

Autism is a pervasive, debilitating, neurodevelopmental disorder characterized 
by three core symptoms: (1) abnormal social interaction; (2) impaired verbal and 
nonverbal communication; and (3) the presence of restrictive, repetitive or stereo-
typed behaviors (APA 2013). Currently, the prevalence of autism is rising in the 
United States with a rate of 14.7 per 1000 (1 in 68) for children aged 8 years old 
(CDC 2014). Individuals with autism often display a number of comorbidities in-
cluding seizure disorder and intellectual impairment (Canitano 2007; Chakrabarti 
and Fombonne 2005). This chapter reviews the current evidence for dysfunction 
of the Reelin, GABAergic, and the FMRP-mGluR5 signaling pathways in autism. 
During development, the Reelin signaling system is instrumental in proper neuro-
nal migration and brain lamination (Frotscher 1998; D’Arcangelo et al. 1995). In 
adults, Reelin is expressed in GABAergic interneurons (Pesold et al. 1998) and is 
involved in synapse formation and plasticity (reviewed by Stranahan et al. 2013). 
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GABA is the most common inhibitory neurotransmitter in the brain. Disruption of 
the excitatory/inhibitory balance in the brain resulting from perturbations to this 
system may lead to the presence of seizures, abnormal information processing, and 
cognitive dysfunction associated with autism. Fragile X syndrome (FXS) is one of 
the most common forms of mental retardation and is often comorbid with autism. 
Behavioral deficits such as social anxiety, gaze avoideance, hyperarousal to sensory 
stimuli are common to both autism and FXS. In this chapter, we review current data 
from gene association and postmortem studies which implicate these three signaling 
systems in the pathology of autism.

16.1  Reelin and Autism

Reelin is a secreted extracellular matrix glycoprotein (DeBergeyck et al. 1998) 
with multiple functions during brain development including mediating proper brain 
lamination (Boyle et al. 2011; Hamburgh 1963; Tissir and Goffinet 2003) and fa-
cilitation of neuronal cell migration (D’Arcangelo et al. 1995; Hadj-Sahraoui et al. 
1996). In adults, Reelin signaling is involved in synapse formation and modulation 
of synaptic transmission (Beffert et al. 2005; Chen et al. 2005; Groc et al. 2007; 
Herz and Chen 2006; Qiu and Weeber 2007; Ventruti et al. 2011; Weeber et al. 
2002). Full length Reelin has a molecular weight of 410 kDa, while several cleavage 
products including Reelin 330 kDa, Reelin 180 kDa, and other fragments including 
a 220 kDa as well as 100 kDa C-terminal entity can be identified using SDS-PAGE 
(Jossin 2008; Fatemi et al. 2005a,b; Ignatova et al. 2004; Lambert de Rouvroit et al. 
1999; Smalheiser et al. 2000). Reeler mice, which lack Reelin expression, display 
deficits in long term potentiation (Marrone et al. 2006) as do heterozygous Reeler 
mice (HRM) which are characterized by an approximately 50 % reduction in normal 
levels of Reelin (Tueting et al. 2006; Qiu and Weeber, 2007). These mouse strains 
also display behavioral deficits relevant to autism including impaired executive 
function, increased anxiety and motor impulsivity, impaired fear-conditioned learn-
ing, and deficits in sensorimotor gating behavior as measured by prepulse inhibition 
(PPI) (Ammassari-Teule et al. 2009; Barr et al. 2008; Ognibene et al. 2007; Qiu and 
Weeber, 2007; Tueting et al. 1999). It should be noted, however, that other groups 
have found no difference in PPI between HRM and wild type mice (Barr et al. 2008; 
Podhorna and Didriksen 2004; Teixeira et al. 2011).

Reelin binds to three receptors: very low density lipoprotein receptor (VLDLR), 
apolipoprotein E receptor 2 (APOER2) (D’Arcangelo et al. 1999) and α3β1 integrin. 
Experiments involving Vldlr and Apoer2 knockout (KO) mice have demonstrated 
differing roles for each receptor with regard to neuronal migration with APOER2 
enabling migration while Reelin binding to VLDLR may cease neuronal migration 
(Hack et al. 2007). Associated with APOER2 and VLDLR are ephrin B proteins 
(EFNBs) (Sentürk et al. 2011; Bouché et al. 2013). Reelin binding results in clus-
tering of APOER2, VLDLR, and EFNBs and activation of FYN tyrosine kinase 
(Hiesberger et al. 1999; Strasser et al. 2004) and promoting the phosphorylation of 
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disabled 1 (DAB1), a cytoplasmic adaptor protein (Hiesberger et al. 1999; Sentürk 
et al. 2011). Loss of function of EFNBs results in reduced phosphorylation of DAB1 
and impaired neuronal migration (Sentürk et al. 2011). Phosphorylation of DAB1 
activates a kinase cascade including phosphatidylinositol-3-kinase (PI3K) and pro-
tein kinase B (PKB/AKT) ultimately leading to the phosphorylation and inhibition 
of glycogen synthase kinase 3-beta (GSK3β) (Beffert et al. 2002; Hiesberger et al. 
1999). Mouse embryos that express a nonphosphorylated Dab1 mutation display 
deficits in migration of sympathetic preganglionic neurons that is similar to what 
is observed in the Reeler mouse (Yip et al. 2007a). DAB1 phosphorylation also 
leads to the recruitment of the lissencephaly 1 (LIS1) complex which is impor-
tant in both neuronal migration and proper cortical lamination (Assadi et al. 2003). 
GSK3β phosphorylates tau, a microtubule stabilizing protein (Hiesberger et al. 
1999; Kwok et al. 2005). Inhibition of GSK3β leads to reduced phosphorylation of 
tau and allows for altered microtubule dynamics promoting neuronal cell migration. 
Figure 16.1 summarizes the Reelin signaling system.

Reelin contributes to synapse formation and modulation of synaptic transmis-
sion via regulation of Ca2+ entry through N-methyl-d-aspartate (NMDA) receptors 
(Fig. 16.1) (Beffert et al. 2005; Chen et al. 2005; Groc et al. 2007; Herz and Chen 
2006; Qiu and Weeber 2007; Ventruti et al. 2011; Weeber et al. 2002). Synaptic trans-
mission in rodent models is impaired by mutations involving Apoer2 (Beffert et al. 
2005, 2006) or loss of Dab1 (Trotter et al. 2013). Moreover, loss or transient down-
regulation of Dab1 results in impairments of associative learning, memory deficits, 
and impaired sensory motor gating as measured by prepulse inhibition, all of which 
are relevant to the pathology of autism (Teixeira et al. 2014; Trotter et al. 2013).

Based on its role in brain development and synaptic transmission, the gene that 
codes Reelin (RELN) has been investigated as an autism candidate gene. An initial 
discovery found that an increase in the number of GGC triplet repeats in the 5′ 
untranslated region immediately before the RELN initiation codon, conferred vul-
nerability to the development of autism (Persico et al. 2001). RELN alleles with at 
least 11 triplet repeats in this region were preferentially transmitted to subjects with 
autism (Lugli et al. 2003; Persico et al. 2001). Subsequent studies in various popu-
lation samples have verified an association between this region and autism (Dutta 
et al. 2007; Kelemenova et al. 2010; Skaar et al. 2005; Zhang et al. 2002). However, 
several other studies found no such association (Bonora et al. 2003; Devlin et al. 
2004; Krebs et al. 2002; Li et al. 2004).

A number of variants and single nucleotide polymorphisms (SNPs) of RELN 
have also been associated with autism in various populations including g.504742G 
> A in a Han Chinese sample (Tian 2012); rs2073559 in a Caucasian population 
sample (Ashley-Koch et al. 2007); rs736707 from intron 59 and rs362691 from 
exon 22 in a Caucasian population sample (Serajee et al. 2006); rs736707 in a 
Han Chinese population sample (Li et al. 2008), a finding that was recently con-
firmed in a South African population sample (Sharma et al. 2013). However, other 
groups have found no association between SNPs of RELN, including the ones listed 
above, and autism. A study of six RELN SNPs (rs727531, rs2072403, rs2072402, 
rs362691, rs362719, rs736707) in an Indian population sample failed to find a sig-
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nificant association for any of the SNPs and autism (Dutta et al. 2008). In contrast to 
the finding by Li et al. (2008), a separate study failed to find an association between 
rs736707 and autism in a Han Chinese population sample and, moreover, found no 
association for rs2229864, rs362691, and rs2073559 and autism (He et al. 2011).

Reelin levels have been shown to be reduced in sera and in brains of subjects with 
autism (Fatemi et al. 2001, 2002, 2005a; Keller et al. 2000; Lugli et al. 2003). In sera 
from subjects with autism, reductions of Reelin 410 kDa have been observed (Fatemi 
et al. 2002; Keller et al. 2000). Lugli et al (2003) found that Reelin 330 kDa was sig-
nificantly reduced by 25 % in sera of subjects with 11 or more CGG triplet repeats, 
suggesting that transmission of long alleles resulted in reduced Reelin expression. In 
brain, Fatemi et al (2001) found reduced expression of Reelin 180 kDa in cerebellum 
of subjects with autism when compared with healthy controls. A follow up experiment 
found reduced expression of Reelin 410 kDa, Reelin 330 kDa, and Reelin 180 kDa in 

Fig. 16.1  The Reelin signaling cascade. Reelin binds to its extracellular receptors APOER2, 
VLDLR and α3β1 integrin resulting in clustering of the receptors and ephrin B proteins (ENFBs). 
This clustering recruits DAB1 proteins and activation of FYN kinase which phosphorylates DAB1. 
Phosphorylation of DAB1 leads to: (1) recruitment and activation of a kinase cascade involving 
PI3K and PKB/AKT1 which ultimately inhibits GSK3β; and (2) recruitment of LIS1 which pro-
motes proper brain lamination. Inhibition of GSK3β results in dephosphorylation of tau which in 
turn destabilizes microtubule dynamics promoting neuronal migration. The binding of Reelin to its 
receptors and subsequent activation of FYN leads to phosphorylation of NMDA receptor subunits 
NR2A and NR2B. As a result, there is an inflow of calcium which induces long term potentiation 
(LTP) and synaptic plasticity. (Reprinted from Folsom and Fatemi 2013 Copyright (2013) with 
permission from Elsevier)
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prefrontal cortex of subjects with autism and reduction of Reelin 410 kDa and Reelin 
180 kDa in cerebellum of subjects with autism, while there were no significant differ-
ences in parietal cortex of subjects with autism (Fig. 16.2) (Fatemi et al. 2005a). RELN 

Fig. 16.2  The gel mobility of Reelin bands of 410, 330, and 180 kDa in BA9 (a), cerebellar (b), 
and BA40 (c) homogenates of representative control ( left histogram bar) and autistic adults ( right 
histogram bar). a In BA9, there were significant reductions of Reelin 180 kDa/β-actin ( p< 0.005), 
Reelin 330 kDa/β-actin ( p < 0.035) and Reelin 410 kDa/β-actin ( p < 0.035) versus control subjects. 
b In cerebella of subjects with autism, significant reductions in expression of Reelin 180 kDa/β-
actin ( p < 0.008) and Reelin 410 kDa/β-actin ( p < 0.016) were observed versus control subjects. 
c In BA40, non-significant reductions were observed for full length reelin and the 330 kDa and 
180 kDa fragments were observed. (Reprinted in a modified form Fatemi et al. 2005a. Copyright 
(2005) with permission from Elsevier)
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mRNA was similarly reduced in both BA9 and cerebellum of subjects with autism as 
was mRNA for DAB1, while mRNA for VLDLR was significantly upregulated in 
both areas (Fatemi et al. 2005a). In addition to autism, Reelin downregulation has been 
observed in subjects with schizophrenia and mood disorders (Eastwood and Harrison 
2003, 2006; Fatemi et al. 2000, 2005b; Guidotti et al. 2000; Impagnatiello et al. 1998).

16.2  GABA and Autism

Gamma-aminobutyric acid (GABA) is the main inhibitory neurotransmitter in the 
brain. GABA has many important roles in brain development including stimulat-
ing the proliferation of neural progenitor cells, migration and differentiation of 
neurites, and synapse formation (reviewed by Pizzarelli and Cherubini 2011). Ap-
proximately 20 % of all central nervous system (CNS) neurons are GABAergic 
(Somogyi et al. 1998).

GABA is synthesized from glutamate by the enzyme glutamic acid decarboxyl-
ase. GABA is then transported to synaptic vesicles by the GABA transporter vGAT. 
When an action potential arrives at the nerve terminal, GABA is released into the 
synaptic cleft where it binds to its postsynaptic receptors. GABA receptors are 
either ionotropic (GABAA) which are ligand-gated ion channels or metabotropic 
(GABAB) which are G-protein coupled receptors. GABAA receptors are responsible 
for mediating the fast inhibitory action of GABA (Brandon et al. 2000). GABAA 
receptors are also the sites for clinical action of a number of drugs including ben-
zodiazepines, barbiturates, and anesthetics. Thus far, 19 GABAA receptor subunits 
have been characterized (α1–α6, β1–β3, γ1– γ3, δ, ε, π, θ, and ρ1–ρ3) (Ma et al. 
2005; Brandon et al. 2000) which combine to form the heteropentameric GABAA 
receptors. The most common GABAA receptors consist of two α subunits, two β 
subunits, and one γ subunit. GABAB receptors are heterodimeric, formed from two 
subunits: GABAB receptor 1 (GABBR1) and GABAB receptor 2 (GABBR2) (Jones 
et al. 1998). GABAB receptors require one GABBR1 and one GABBR2 subunits 
in order to be functional. GABAB receptors contribute to synaptic events in the 
mammalian brain presynaptically by facilitating the release of neurotransmitters, 
including dopamine, serotonin, glutamate and GABA (Steiniger and Kretschmer 
2003; Takahashi et al. 2010; Waldmeier et al. 2008). Postsynaptically, stimulation 
of GABAB receptors results in the generation of slow, long-lasting, inhibitory po-
tentials (Bowery 2000; Kuriyama et al. 2000).

Recent studies have investigated levels of GABA in brain and plasma of subjects 
with autism (Gaetz et al. 2013; Rojas et al. 2013; Russo 2013). Plasma levels of 
GABA have been shown to be significantly increased in children with autism and 
that high levels of GABA correlated significantly with increased hyperactivity and 
impulsivity, tip toeing severity, light sensitivity, and tactile sensitivity (Russo 2013). 
Rojas et al (2013) found that ratios of GABA to creatine (Cr) were significantly 
reduced when compared to controls in the perisylvian region of the left hemisphere 
as visualized by single-voxel, point resolved spectroscopy. Interestingly, unaffected 
siblings also displayed reduced GABA/Cr ratios when compared with controls 
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(Rojas et al. 2013). A second study, using the same procedure, found reduced 
GABA/Cr ratios in motor cortex and auditory cortex regions of interest (ROI) but 
not in the visual cortex ROI (Gaetz et al. 2013). The reduction of GABA levels 
in the brains of subjects with autism supports the hypothesis that the excitatory/
inhibitory balance is disrupted in this population, which might help to explain the 
presence of seizure disorders (Tuchman and Rapin 2002) as well as cognitive and 
behavioral deficits associated with autism.

Glutamic acid decarboxylase 65 and 67 kDa proteins (GAD65/67) are the rate 
limiting enzymes responsible for the conversion of glutamate to GABA. GAD65 
is significantly downregulated in cerebellum of subjects with autism and GAD67 
is significantly reduced in parietal cortex of subjects with autism (Fatemi et al. 
2002). More recently, significant reductions in GAD65 mRNA in the cerebellar 
dentate nuclei and significant reductions in GAD67 mRNA in Purkinje cells in 
cerebella from subjects with autism have been observed (Yip et al. 2007b 2009). 
Reductions in GAD65/67 could result in excessive glutamatergic (excitatory) and 
reduced GABAergic (inhibitory) signaling in important brain circuits that connect 
the cerebellum with the frontal cortex. The major deficiencies in levels of GAD 
65 and 67 kDa proteins in two important brain areas in autism may subserve defi-
ciency in the availability of GABA, thus affecting important biological functions 
including learning and motor activity. Additionally, decreased levels of GAD 65 
and 67 kDa proteins could impact negatively on normal processing of visual, so-
matic, motor, and memory information processing, and could also explain the ob-
servations of increased blood, platelet, brain, and CSF glutamate levels in autistic 
patients (Moreno-Fuenmayor et al. 1996; Moreno et al. 1992; Shimmua et al. 2011; 
Shinohe et al. 2006).

A number of studies have now demonstrated that GABA receptors are reduced 
in brains of subjects with autism (Blatt et al. 2001; Samaco et al. 2005; Guptill et al. 
2007; Fatemi et al. 2009a, b, 2010a, 2014; Oblak et al. 2010, 2011). Blatt et al. 
(2001) demonstrated a significant decrease in GABAA receptor binding sites (3H-
muscimol-labeled binding sites) and benzodiazepine receptor binding sites (3H-fl-
unitrazepam-labeled binding sites) in hippocampus of subjects with autism. Guptill 
et al. (2007), expanded on these experiments to demonstrate that the decrease in 3H-
flunitrazepam-labeled benzodiazepine binding sites was due to a decrease in bind-
ing site number (Bmax) rather than altered affinity to ligand binding (Kd). Reduced 
3H-muscimol-labeled GABAA receptor binding sites have also been observed in 
the posterior cingulate cortex and fusiform gyrus (Oblak et al. 2011). Finally, 3H-
CGP54626-labeled GABAB receptor binding sites have also been observed to be 
reduced in the anterior and posterior cingulate cortex and fusiform gyrus of subjects 
with autism (Oblak et al. 2010).

Consistent with the results of binding assays, GABAA and GABAB receptor sub-
unit proteins have been shown to be reduced in brains of subjects with autism (Fate-
mi et al. 2009a, b, 2010a, 2014). A comprehensive series of experiments have exam-
ined protein expression for GABA receptor subunits (16 GABAA and two GABAB) 
in superior frontal cortex [Brodmann Area 9 (BA9)], parietal cortex (BA40), and 
cerebellum of subjects with autism vs. matched controls. In BA9, there were reduc-
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tions in GABAA receptor alpha 1 (GABRα1), GABAA receptor alpha 4 (GABRα4), 
GABAA receptor alpha 5 (GABRα5), GABAA receptor alpha 6 (GABRα6), GABAA 
receptor beta 1 (GABRβ1), GABAA receptor beta 2 (GABRβ2), GABAA receptor 
delta (GABRδ), GABAA receptor epsilon (GABRε), GABAA receptor gamma 2 
(GABRγ2), GABAA receptor rho 2 (GABRρ2), and GABAB receptor 1 (GABBR1) 
proteins in brains of subjects with autism (Fig. 16.3) (Fatemi et al. 2009a, b, 2010a, 
2014). In BA40, we observed significant reductions in GABRα1, GABAA receptor 
alpha 2 (GABRα2), GABAA receptor alpha 3 (GABRα3), GABRα5, GABAA re-
ceptor beta 3 (GABRβ3), and GABBR1 proteins in brains of subjects with autism 
(Table 16.1) (Fig. 16.3) (Fatemi et al. 2009a, b, 2010a, 2014). GABRα1, GABRβ3, 
GABBR1, and GABAB receptor 2 (GABBR2) proteins were significantly decreased 
in cerebella obtained from subjects with autism vs. matched controls (Fig. 16.3) 

Fig. 16.3  Representative samples of GABRα1 (51 kDa), GABRα2 (51 kDa), GABRα3 (55 kDa), 
GABRα4 (64 kDa), GABRα5 (52 kDa), GABRα6 (50 kDa), GABRβ1 (55 kDa), GABRβ2 
(56 kDa and 52 kDa), GABRβ3 (56 kDa), GABRδ (51 kDa), GABRε (45 kDa), GABRγ2 
(45 kDa), GABRγ3 (51 kDa), GABRπ (50 kDa), GABRθ (70 kDa), GABRρ2 (54 kDa), GABBR1 
(108 kDa), GABBR2 (105 kDa), and β-Actin (42 kDa) in BA9, BA40, and cerebellum of subjects 
with autism (A) and matched controls (C). [Reprinted in a modified from Fatemi et al. 2009a 
Copyright (2009) with permission from Springer Science+Business Media; from Fatemi et al. 
2011b. Copyright (2011) with permission from Springer Science+Business Media; and from 
Fatemi et al. (2010a). Copyright (2010) with permission from Springer Science+Business Media]
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(Fatemi et al. 2009a, b) (Table 16.1) (Fig. 16.3). Consistent with these findings, a 
previous report has also demonstrated reduction in GABRβ3 in cerebella of subjects 
with autism when compared with controls (Samaco et al. 2005). More GABA re-
ceptor subunits were reduced in BA9 than in BA40 or cerebellum. Gene expression 
changes have previously been demonstrated to be more robust in cerebral cortex 
of subjects with autism than in cerebellum, which is consistent with our findings 
(Voineagu et al. 2011). Altered protein expression for GABAA and GABAB receptor 
subunits have also been observed in the brains of subjects with schizophrenia and 
mood disorders (Fatemi et al. 2011a, 2013a, b, 2014).

mRNA species for the same GABAA and GABAB receptors were measured via 
qRT-PCR in BA9, BA40, and cerebellum of subjects with autism vs. controls using 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and β-actin as housekeeping 
genes (Fatemi et al. 2010a, 2014). Increased mRNA was observed in BA9 of subjects 
with autism for GABRα6 while there were reduced mRNA species for GABRα2, 
GABRα3, GABRα4, GABRα5, GABRβ1, GABRβ3, GABRγ3, and GABAA recep-
tor theta (GABRθ) (Table 16.1) (Fatemi et al. 2010a, 2014). In BA40, qRT-PCR re-
vealed increased mRNA expression of GABRγ3 and GABBR1 and reduced mRNA 
expression for GABRα3 in subjects with autism (Table 16.1) (Fatemi et al. 2010a, 
2014). qRT-PCR of cerebella from subjects with autism revealed significant upreg-
ulation of mRNA species for GABRα2, GABRα3, GABRα4, GABRα5, GABRβ1, 

Table 16.1  Summary of mRNA and protein findings for selected GABAA and GABAB receptor 
subunits in BA9, cerebellum, and BA40 of subjects with autism vs. matched controls

BA9 Cerebellum BA40
mRNA Protein mRNA Protein mRNA Protein

GABRα1 – ↓ – ↓ – ↓
GABRα2 ↓ – ↑ – – ↓
GABRα3 ↓ – ↑ – ↓ ↓
GABRα4 ↓ ↓ ↑ – – –
GABRα5 ↓ ↓ ↑ – – ↓
GABRα6 ↑ ↓ ↓ – – –
GABRβ1 ↓ ↓ ↑ – – –
GABRβ2 – ↓ ↓ – – –
GABRβ3 ↓ – ↑ ↓ – ↓
GABRδ – ↓ – – – –
GABRε – ↓ – – – –
GABRγ2 – ↓ ↑ – – –
GABRγ3 ↓ – ↑ – ↑ –
GABRπ – – – – – –
GABRθ ↓ – ↑ – – –
GABRρ2 – ↓ – – – –
GABBR1 – ↓ ↓ ↓ ↑ ↓
GABBR2 – – – ↓ – –



346 T. D. Folsom and S. H. Fatemi

GABRβ3, GABRγ2, GABRγ3, and GABRθ (Table 16.1) (Fatemi et al. 2010a, 
2014). In contrast, there were reduced mRNA species for GABRα6, GABRβ2, and 
GABBR1 in cerebella of subjects with autism (Fatemi et al. 2010a, 2014). While 
mRNA expression changes were variable in each brain region, protein expression 
was consistently downregulated.

Gene association studies for GABA receptor subunit genes and autism have been 
equivocal. An analysis of 12 GABAA and two GABAB receptor subunit genes found 
that GABRA4 (which codes for GABRα4), potentially through interaction with 
GABRB1 (which codes for GABRβ1) was associated with autism (Ma et al. 2005), 
a finding that was subsequently confirmed (Collins et al. 2006). Several studies have 
implicated the 15q11.2–q13 region, which includes genes for GABRβ3, GABRα5, 
and GABRγ3 (GABRB3, GABRA5, GABRG3) with autism (Hogart et al. 2007; 
Maddox et al. 1999; McCauley et al. 2004). GABRB3 has been associated with 
autism in a Korean population sample (Kim et al. 2006). SNPs of GABRA5 and 
GABRB3 have been shown to be nominally associated with autism (McCauley et al. 
2004) as have SNPs of GABRG3 (Menold et al. 2001). However, a study using 
a Japanese population sample failed to find significant associations between GA-
BRB3, GABRA5, or GABRG3 and autism (Tochigi et al. 2007). Moreover, others 
have similarly found no association for these genes and autism (Ma et al. 2005; 
Kelemenova et al. 2010). Recently, truncating mutations of the genes that code for 
GABRα3 and GABRθ (GABRA3 and GABRQ) have shown an association with au-
tism spectrum disorders (Piton et al. 2013). Taken together, these results suggest that 
association between GABA receptor genes and autism may be population specific.

Reduction in GABAA and GABAB receptor subunits may help explain comor-
bid seizure disorder and cognitive deficits present in subjects with autism. Seizure 
disorder was present in many of the medical histories of subjects with autism used 
in our postmortem studies (Fatemi et al. 2009a, b, 2010a, 2014). However, when 
analyzed as a confound, we did not find an impact of seizure disorder on our re-
sults (Fatemi et al. 2009a, b, 2010a, 2014). Animal models of seizure disorder have 
shown reduced expression of GABBR1 and GABBR2 in brain (Han et al. 2006; 
Princivalle et al. 2003; Straessle et al. 2003). GABBR1 KO mice display seizure 
disorder and memory deficits (Prosser et al. 2001; Schuler et al. 2001). Epliepti-
form activity interferes with cognition by causing disturbances of vigilance, shifting 
attention, and language difficulties (Binnie 1993) phenomena that often occur in 
children with autism and epilepsy. It has been hypothesized that the regression of 
language skills in children between the ages of two and three with autism may be 
due to epileptiform activity (Canitano 2007).

16.3  FMRP and Autism

Autism and fragile X syndrome (FXS) share many commonalities including intel-
lectual disability, presence of seizures, learning difficulties, social deficits, anxiety, 
decreased attention, poor eye contact, delayed language acquisition and disorders 
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of expression. Previous reports have shown the presence of autistic behavior in 
15–47 % of patients with FXS (Bailey et al. 1998; Hatton et al. 2006; Kau et al. 
2004; Kauffman et al. 2004). Individuals with diagnoses of both autism and FXS 
display greater severity of symptoms (Kau et al. 2004; Philofsky et al. 2004) and 
greater impairment in nonverbal cognition and expressive language (Philofsky et al. 
2004). Boys with autism and FXS also show more cognitive impairment, abnormal 
behavior, and less adaptive behavior when compared to those with FXS alone (Kau 
et al. 2004). Interestingly, autistic symptoms have been shown to improve with age 
in subjects with FXS (McDuffie et al. 2010). In addition to phenotypic overlap, 
recently identified biological substrates have been proposed that create intriguing 
avenues of scientific interest.

The fragile X mental retardation 1 (FMR1) gene is located to the X chromosome. 
Mutations in this gene, resulting in loss of function, are almost entirely responsible 
for the development of FXS. Under normal circumstances there are anywhere from 
5-55 5′ CGG repeats in the untranlated portion of the gene (Fu et al. 1991). Individ-
uals with 56–200 repeats are often found in FXS families but do not display clinical 
symptoms of FXS and are considered to have the FMR1 premutation (Bardoni et al. 
2001). When more than 200 5′ CGG repeats are present, there is extensive methyla-
tion of the 5′ region, including the promoter of FMR1 resulting in transcriptional 
silencing of FMR1 and the presence of clinical symptoms of FXS (Pieretti et al. 
1991). FMRP binds to approximately 5 % of all mRNAs expressed in brain (Darnell 
and Klann 2013) potentially controlling a large number of important processes. 
It has been hypothesized that reduction in FMRP expression leads to unregulated 
protein synthesis, induced by group 1 metabotropic glutamate receptors (mGluRs), 
which in turn is responsible for the multiple physical and cognitive pathologies of 
FXS (Bear et al. 2004; Dölen and Bear 2008).

Boys who have the FMR1 premutation, especially if they present as clinical pro-
bands, are more likely to have a comorbid diagnosis of autism than nonprobands or 
control siblings who lack the premutation (Chonchaiya et al. 2012; Farzin et al. 2006). 
Additionally, these probands displayed increased rates of seizure disorder (Chon-
chaiya et al. 2012) and attention deficit/hyperactivity disorder (Farzin et al. 2006). 
Carriers of the FMR1 premutation have also been shown to have reduced amygdala 
volume, reduced activation of the right amygdala during an emotion matching task, 
and higher ratings of autism spectrum symptoms (Hessl et al. 2011). The authors 
found that while reduced FMRP and increased FMR1 mRNA were associated with 
reduced activation, reduced FMRP expression was identified statistically as the pri-
mary factor associated with reduced amygdala activation (Hessl et al. 2011).

The FMR1 gene may be a candidate gene for autism. The Xq27-q28 region, 
which includes FMR1 and methyl CpG binding protein 2 (MECP2), has shown 
some association with increased risk of autism (Vincent et al. 2005). A rare point 
mutation of FMR1 (A to C substitution at nucleotide 879 in exon 9) may contribute 
to autism and mental retardation in Japanese patients (Shinahara et al. 2004). An 
intronic variant of FMR1 (IVS10+14C-T) showed no evidence of increasing the 
risk of autism (Vincent et al. 2004). There may also be structural differences in the 
FMR1 gene in subjects with autism vs. controls. An investigation of CGG repeat 
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length and AGG interruption of the FMR1 gene in subjects with infantile autism 
vs. healthy controls found that in the case of infantile autism, there were less AGG 
interruptions (Poon et al. 1998). This pattern is similar to what is found in subjects 
with FXS, although none of the study subjects had a comorbid diagnosis of FXS 
(Poon et al. 1998).

A recent series of experiments involving postmortem brain tissue have shown 
dysregulation of FMRP, mGluR5, and downstream targets of FMRP-mGluR5 
signaling in cerebellar vermis and PFC in subjects with autism (Fatemi and Fol-
som 2011; Fatemi et al. 2011b, 2013c; Rustan et al. 2013). Levels of FMRP were 
reduced in PFC and cerebellar vermis of adults with autism while there were no 

Fig. 16.4  Expression of FMRP and mGluR5 in brains from subjects with autism vs. matched 
controls. a) Ratio of FMRP/NSE in cerebellar vermis. b) Ratio of mGluR5/NSE in cerebellar 
vermis. c) Ratio of FMRP/NSE in BA9. d) Ratio of mGluR5/NSE in BA9. Ratios are expressed 
as mean ± standard error *, p < 0.05. [Reprinted in a modified form Fatemi et al. 2011b Copy-
right (2011) with permission from John Wiley and Sons and from Molecular Autism; Fatemi and 
Folsom 2011. Copyright (2011) with permission from BioMed Central]
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differences in these brain regions in children with autism (Fig. 16.4) (Fatemi and 
Folsom 2011; Fatemi et al. 2011b). Phosphorylated FMRP (p-FMRP) is reduced 
in cerebellar vermis of adults and children with autism and in PFC of adults with 
autism (Rustan et al. 2013). Dephosphorylation of FMRP leads to its ubiquitination 
and subsequent degradation, a process that may be the result of overactive mGluR5 
signaling (Nalavadi et al. 2012). Indeed, in the same tissues, increased expression 
of mGluR5 was observed in PFC and cerebellar vermis of children with autism 
(Fig. 16.4) (Fatemi and Folsom 2011; Fatemi et al. 2011b). Interestingly, none of 
the subjects with autism had a comorbid diagnosis of FXS (Fatemi and Folsom 
2011; Fatemi et al. 2011b, 2013c). Moreover, similar studies performed in subjects 
with schizophrenia and mood disorders found reduced expression of FMRP and 
mGluR5 in lateral cerebellum of subjects with schizophrenia, bipolar disorder, and 
major depression and in BA9 of subjects with schizophrenia and bipolar disorder 
(Fatemi et al. 2010b, 2013a, b). These results indicate that dysfunction in FMRP and 
mGluR5 expression may be common to multiple psychiatric disorders.

FMRP is a negative regulator of mGluR5. It has been proposed that in the ab-
sence of FMRP, mGluR5-dependent protein synthesis goes unchecked, resulting in 
the anatomical and physical deficits associated with FXS (Bear 2005; Bear et al. 
2004; Dölen and Bear 2008). Evidence from FMR1 KO mice support this theory 
including: (1) increased long-term depression (LTD) (Huber et al. 2002); (2) an 
increased number of immature dendritc spines (Grossman et al. 2006); and (3) in-
creased epileptiform activity (Yan et al. 2005), all of which are present in individu-
als with FXS (reviewed by Garber et al. 2008). Importantly, use of allosteric inhibi-
tors of mGluR5 such as such as 2-methyl-6-(phenylethynyl)-pyridine (MPEP), or 
lowering of the concentration of mGluR5 reverse structural and behavioral deficits 
in FMR1 KO mice including the number of dendritic spines, deficits in prepulse in-
hibition, and presence of seizure that are also present in autism (de Vrij et al. 2008; 
Dölen et al. 2007; Westmark et al. 2009; Yan et al. 2005; Yuskaitis et al. 2010). The 
use of allosteric modulators of mGluR5 as well as other treatments for FXS and 
autism has been an ongoing line of research (Berry-Kravis et al. 2011; Hagerman 
et al. 2012; Li et al. 2013).

Four downstream targets of FMRP-mGluR5 signaling have also been investi-
gated: homer 1, amyloid beta A4 precursor protein (APP), ras-related C3 botulinum 
toxin substrate 1 (RAC1), and striatal-enriched protein tyrosine phosphatase (STEP) 
(Fatemi et al. 2013c). These proteins are involved in synapse formation and neural 
plasticity (APP); regulation of N-methyl-D-aspartate (NMDA) receptor function 
(STEP); synaptogenesis, receptor trafficking, and involvement in dopaminergic and 
glutamatergic signaling (homer 1); and modulation of dendritic spine morphology 
and density (RAC1), all of which are relevant to autism (Goebel-Goody et al. 2012; 
Nakayama et al. 2000; Priller et al. 2006; Szumlinski et al. 2006; Turner et al. 2003). 
Protein levels of RAC1, APP 120 kDa and APP 88 kDa were upregulated in BA9 of 
children with autism (Fatemi et al. 2013c). In BA9 of adults with autism, there was 
increased protein expression of RAC1 and STEP 46 kDa while there was reduced 
expression of homer 1 (Fatemi et al. 2013c). In cerebellar vermis of adults with 
autism there was significantly increased RAC1 protein expression, while there was 
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significantly reduced expression of APP 120 kDa, STEP 66 kDa, STEP 27 kDa, 
and homer 1 (Fatemi et al. 2013c). In contrast, there were no changes observed in 
cerebellar vermis of children with autism (Fatemi et al. 2013c).

The reduced expression of FMRP in subjects with autism may help explain 
reduced expression of GABA receptor subunits and Reelin. In animal models of 
FXS, expression of GABAA receptor subunits have been shown to be reduced or 
eliminated by the loss of function of the FRM1 gene and consequent loss of FMRP 
(D’Hulst et al. 2006; El Idrissi et al. 2005, Gantois et al. 2006). El Idrissi et al. 
(2005) found reduced expression of the GABAA β subunit in cortex, hippocampus, 
brainstem, and diencephalon of fragile X (FraX) mice. Gantois et al (2006) found 
reduced GABRδ mRNA in hippocampus and neocortex of Fmr1 knockout (KO) 
mice. A separate study found reduced mRNA for GABRα1, GABRα3, GABRα4, 
GABRβ1, GABRβ2, GABRγ1, and GABRγ2 in cortex, but not cerebellum of Fmr1 
KO mice (D’Hulst et al. 2006).

Reelin has also been identified as a downstream target of FMRP (Darnell et al. 
2011). Altered expression of FMRP in subjects with autism may impact levels of 
Reelin as well.

16.4  Conclusions

Autism is a heterogeneous disorder in which multiple signaling systems are im-
pacted. The Reelin, GABAergic, and FMRP-mGluR5 signaling systems separately, 
and perhaps synergistically, contribute to the pathology of autism. Dysfunction of 
the Reelin signaling system may result in abnormalities in brain morphology as-
sociated with autism as well as dysfunctional synaptic transmission. GABAergic 
system dysfunction could result in cognitive impairments as well as seizure disor-
der. Deficits in the FMRP-mGluR5 signaling system contribute to intellectual im-
pairment, altered neuronal structure and seizure disorder. Reelin is known to regu-
late GABAergic and glutamatergic neurotransmission (Tissir and Goffinet 2003; 
Marrone et al. 2006). FMRP regulates GABAA receptor expression (D’Hulst et al. 
2006; El Idrissi et al. 2005, Gantois et al. 2006) and targets Reelin (Darnell et al. 
2011), potentially regulating its expression as well. Dysfunction in one system may 
lead to dysfunction in other systems. Interplay between these systems may result in 
multiple abnormal phenotypes associated with autism. These systems also identify 
targets for therapeutic intervention which may ameliorate multiple symptoms of 
autism.
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Abstract Autistic spectrum disorder (ASD) is a common, chronic psychiatric dis-
order for which the current generation of therapeutics are limited in their success 
at alleviating the neurobehaviors. While it is well established that both genetic and 
environmental factors contribute to the disorder, there is a lack of understanding 
about how ASD alters multiple domains of brain function. Identifying genes that 
are associated with ASD, and then relating how these genetic alterations affect brain 
structure and function is important to furthering our ability to design treatment and 
prevention strategies. Recent genome screening using copy number variant (CNV) 
analysis has identified deletions and duplications within the neurexin and neuro-
ligin genes in patients with ASDs, highlighting their potential importance in ASD 
research. Neurexins and neuroligins are synaptic cell adhesion molecules and are 
found at the presynapse and postsynapse, respectively, of both excitatory and inhib-
itory cells. Neuroligins and leucine-rich repeat transmembranes bind to neurexins 
and convey a role in synaptic function and maintenance. However, little is known 
about how alterations within the genes encoding these proteins disrupt biological 
processes. Here we discuss the functional role of neurexins and neuroligins, the 
genetic evidence for their involvement in ASD and studies with transgenic mice to 
elucidate the consequences of these mutations.

Keywords Autism · neuroligin · neurexin · NRXN · NLGN · development · 
synaptic transmission

Autism spectrum disorder (ASD) is a heterogeneous grouping of neurodevelop-
mental disorders characterized by impairment in social interaction, verbal commu-
nication and repetitive/stereotypic behaviors. ASD is comorbid with a number of 
genetic diseases, such as Fragile X, Rett and Angelman Syndrome. These disorders 



362 A. C. Reichelt and J. Dachtler

have been successfully modeled in transgenic mice and have aided understand-
ing of the molecular changes underlying autism. Recent advances in defining the 
molecular and cellular pathology of ASD point to altered patterns of neuronal con-
nectivity in the developing brain as the neurobiological basis of these disorders. The 
recorded incidence of ASD has increased over the last 20 years by approximately 
170 % (Betancur 2011); however there is no agreed consensus of the underlying 
cause of the sudden increased prevalence (Fombonne 2003). The cost of ASD is 
borne by families of affected children involved in the caregiving and must finan-
cially support the behavioral and therapeutic interventions to ameliorate the social, 
communication and behavioral deficits associated with the disorder.

Autism is defined as a “spectrum disorder” because of its phenotypic variability 
but can be classified in three groups; autism, Asperger’s syndrome and pervasive 
developmental disorder not otherwise specified (PDD-NOS). Heritability estimates 
using twins and family studies are approximately 90 %, underlying the clear genetic 
basis of ASD (Bailey et al. 1995). Despite this, the underlying genetic mechanisms 
are far from clear. Human genetic studies about autism indicate that the disruption 
of synaptic components, particularly cell-adhesion molecules (CAMs), may con-
tribute to the ASD phenotype (Arons et al. 2012; Aldinger et al. 2011). CAMs play 
a crucial function in synaptic development by initiating contact between pre- and 
postsynaptic cells, maintaining adhesion, and anchoring scaffolding proteins that 
assemble the essential components of a synapse. CAMs also determine the function 
of synapses, thus influencing the balance of excitatory and inhibitory (E/I) synapses 
formed within the brain.

Autism is generally diagnosed within the first three years of life, a time period 
during which intense experience-dependent circuit refinement takes place. Func-
tional imaging studies in ASD have indicated that cortical dysfunction arises both 
from long-range “underconnectivity” between cortical areas and from short-range 
“overconnectivity”, especially in frontal and temporal cortex (Geschwind and Lev-
itt 2007; Just et al. 2007; Scott-Van Zeeland et al. 2010; Courchesne and Pierce 
2005; Frith 2004). Hyperconnectivity of neuronal circuits due to increased syn-
aptic protein synthesis is thought to cause ASDs and therefore cell adhesion mol-
ecules involved in synaptic stabilisation have been indicated as possible underlying 
pathologies. This may result in hyperconnectivity within cortical circuits, contribut-
ing to an excessive E/I ratio leading to disturbances in cortical signaling and sensory 
representations (Rubenstein and Merzenich 2003).

Over the last few years, genetic studies of large cohorts of patients with distinct 
brain disorders have been analyzed for CNVs (Merikangas et al. 2009), of which 
deletions eliminating exons of the neurexin-1 gene ( NRXN1) have been implicated. 
Deletions affecting NRXN1 have been found in cohorts of patients affected with a 
range of neurodevelopmental or neuropsychiatric disorders such as ASD, schizo-
phrenia and mental retardation. Neurexins are therefore important in synaptic for-
mation and function. Another family of cell-adhesion molecules, the neuroligins, 
are essential for the formation of functional neural synapses (Jamain et al. 2003; 
Talebizadeh et al. 2004). Neurexins and neuroligins align to form a trans-synaptic 
complex involved in the stabilization of synapses as shown in Fig. 17.1. In addition, 
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Fig. 17.1  a) Structure of a synapse showing interaction between pre-synaptic neurexins (α- and 
β-NRXN) and postsynaptic neuroligin (NLGN) allowing the formation of a trans-synaptic adhe-
sion complex, detailing transmembrane proteins (TM) and dystroglycan binding region (DG) that 
terminate in PDZ-domain-binding sites (Binding domains). An upstream promoter is used to gen-
erate the larger α-neurexins and a downstream promoter generates the smaller β-neurexins. Thus, 
β-neurexins can be thought of as truncated α-neurexins that have a short β-specific leader (βN). 
α-Neurexins are composed of LNS domains (purple circles) and EGF-like domains (blue circles). 
Five sites of alternative splicing ( 1–5) are shown, which selectively regulate ligand interactions. 
Neuroligins contain an extracellular acetylcholinesterase (AChE)-homologous domain containing 
one or two sites of alternative splicing (A, plus B in the case of NLGN1). b) Examples of some 
of the binding partners of the neurexins depending upon whether the synapse is excitatory or 
inhibitory
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leucine-rich repeat transmembranes (LRRTMs), a CAM similar to neuroligins, also 
interacts with NRXNs and disruptions within the LRRTM family of genes have 
been associated with ASD (Sousa et al. 2010) and schizophrenia (Francks et al. 
2007). Different variants of neurexins (for example α or β-neurexins) are expressed 
at both inhibitory and excitatory synapses and through their linkage to a variety of 
both presynaptic and postsynaptic proteins (Fig. 17.1b), have a role in the mediation 
of neuronal synapse function (Sect. 17.2.1).

17.1  Neurexins, Neuroligins and Synaptic Function

The efficacy of synaptic transmission depends upon the release of transmitter from 
the presynaptic and the postsynaptic receptors that can receive the signal. On a 
local level, changes to this efficacy are termed synaptic plasticity, and it is well 
established that the alterations to proteins in either the presynapse or postsynapse 
can be deleterious to plasticity (Dachtler et al. 2011). On a neural network level, 
this synaptic efficacy reflects experience-dependent plasticity, whereby specific 
neural populations become more synchronous during task-related behavior. It is 
now known using fMRI techniques that ASD sufferers have deficiencies in this type 
of task-dependent neural synchrony (Gotts et al. 2012; Just et al. 2004).

Within the synapse, neurexins interact with postsynaptic neuroligins, LRRTMs 
and SHANK to regulate activity-dependent synaptogenesis and synapse main-
tenance (Scheiffele et al. 2000; Craig and Kang 2007). It is this dysfunction of 
neurexin and neuroligin proteins at the synapse that is hypothesized to disrupt the 
E/I balance during neurodevelopment and leads to aberrant connectivity both within 
and between cortical regions, leading to ASD phenotypes (LeBlanc and Fagiolini 
2011; Qiu et al. 2011). We will explore how neurexins and neuroligins function, and 
discuss recent genetic evidence of mutations linking them to ASD and how these 
mutations are being modeled in mice.

17.1.1  Neurexin and Neuroligin Function

The mammalian genome contains three neurexin genes ( NRXN1, NRXN2 and 
NRXN3), each encoding an α- and a β-neurexin from independent promoters (Ich-
tchenko et al. 1996). α-Neurexins show evolutionary conservation throughout 
vertebrates, while β-neurexins do not (Tabuchi and Sudhof 2002; Li et al. 2007). 
α-Neurexins are larger than β-neurexins; the longer α-neurexins have six LNS 
(laminin/neurexin/sex hormone binding globulin) domains with three intercalated 
epidermal growth factor (EGF)-like domains, whereas β-neurexins have a single 
LNS domain as shown in Fig. 17.1a. The human protein molecular weights of the 
neurexin family (excluding various splice variants) are: NRXN1α-161.883 kDa; 
NRXN1β-46.861 kDa; NRXN2α-184.982 kDa; NRXN2β-70.927 kDa; NRXN3α-  
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180.599 kDa and NRXN3β-69.305 kDa. Neuroligins bind to both α- and β-neurexins, 
binding involving the sixth LNS domain of α-neurexins, which corresponds to the 
only LNS domain of β-neurexins (Comoletti et al. 2006).

In vertebrates, neurexins are synthesised throughout the brain in all excitatory 
and inhibitory neurons (Ichtchenko et al. 1995, 1996; Ullrich et al. 1995). While dif-
ferent α- and β-neurexins can be co-expressed in the same class of neuron, the exact 
expression is dependent upon the brain region of interest [for example, CA3 pyra-
midal cells of the hippocampus express all 6 neurexins (α- and β-neurexin-1–3), 
while CA1 pyramidal cells lack neurexin-1β and 3α] (Ullrich et al. 1995). However, 
each type of neurexin was found to be differentially distributed between different 
classes of neurons (Ichtchenko et al. 1996).

The functional role of the different classes of neurexins remains poorly under-
stood, however strides have been made in recent years to elucidate their role. Part 
of the confusion is due to the complexity of the different variants of both neurex-
ins and their postsynaptic partners (see Fig. 17.1) (Comoletti et al. 2006). There 
are five conserved splice sites within the NRXN genes, of which splice sites 1–4 
involve short sequences (< 30 residues) while others (i.e. splice site 5 of NRXN3) 
insert > 100 residues that include multiple variants with in-frame stop codons 
(Ullrich et al. 1995; Ushkaryov and Sudhof 1993). It has been estimated that due to 
splicing, there could be anywhere from 600 to 3000 distinct neurexins (Ullrich et al. 
1995). Neuroligins on the other hand, are only alternatively spliced at one canonical 
site (termed splice site A) except for neuroligin-1, which is also spliced at splice 
site B (Ichtchenko et al. 1995; Boucard et al. 2005). These of course will alter the 
binding characteristics. For example, α and β-neurexins can exist with or without an 
insert at S4. Neurexin-1α with or without the S4 insert binds to neuroligin-2 and -3 
and but only binds to neuroligin-1 that lacks the B insert (Boucard et al. 2005).

Neurexin-1α and neurexin-1β intracellularly bind CASK, Mint, Munc18, syn-
tenin and synaptotagmin (Hata et al. 1996; Biederer and Sudhof 2000; Grootjans 
et al. 2000), highlighting their potential importance for neurotransmitter release. It 
is likely that this direct action of neurexins is in part due to calcium influx through 
N and P/Q calcium channels (Missler et al. 2003; Zhang et al. 2005). There is now 
strong evidence that α-neurexins act through both excitatory and inhibitory cells, 
conveying a broader functional importance than first appreciated.

Manipulations of neurexins have been shown to alter the constituents of the post-
synaptic terminal. Cells transfected with all three neurexins (both α and β) induce 
clustering of gephyrin (although there was stronger clustering by β-neurexins) 
only through neuroligin-2 and not neuroligin-1, 3 or 4, while α-neurexins failed 
to induce any clustering of PSD-95 (although β-neurexins did; Kang et al. 2008). 
The α-neurexins were selective in inducing clustering of the GABAA receptor γ5 
but not α5 (Kang et al. 2008). Given that α-neurexins specifically induced clusters 
of gephyrin and GABAA receptor γ5 through neuroligin-2 (which is restricted to 
inhibitory synapses), it is plausible that α-neurexins mediate inhibitory function. Fur-
ther evidence comes from hippocampal neurons transfected with neurexin-1α which 
resulted in a suppression of inhibitory postsynaptic currents (IPSCs) that was only 
counteracted when co-expressed with neuroligin-2 but not -1, confirming the theory 
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that neurexins mediate IPSCs by sequestration of neuroligin-2 (Zhang et al. 2010). 
This furthers the evidence of the selectivity of neuroligins; neuroligin-2 deletion has 
been shown to cause drastic reductions in unitary IPSCs from fast-spiking inhibitory 
interneurons (Gibson et al. 2009). In addition, a method of visually tagging neurexin-
1α [pH-sensitive pHluorin (SEP)-tagged construct] that was expressed in parvalbu-
min positive (PV) interneurons during development found that neurexin-1α was lo-
calised diffusely throughout the axon and motile filopodia (Fu and Huang 2010). 
Neurexin-1α is freely diffusible and is involved in rapid exchange across presynaptic 
boutons, while the neurexin-1β turn-over rate suggests higher binding affinity to its 
postsynaptic neuroligin partner (Fu and Huang 2010). Theoretically, neurexin-1α 
could act to initially detect a postsynaptic binding site, while neurexin-1β stabilises 
the connection and promotes activity-dependent strengthening (Fu and Huang 2010).

There are five known neuroligins which are encoded by separate genes, which 
are localized in the human genome at 3q26 ( NLGN1), 17p13 ( NLGN2), Xq13 
( NLGN3), Xp22.3 ( NLGN4 or NLGN4X), and Yq11.2 ( NLGN4Y), respectively. 
The human protein molecular weights of the neuroligins are: NLGN1-93.835 kDa; 
NLGN2-90.820 kDa; NLGN3-93.895 kDa; NLGN4X-91.915 kDa and NLGN4Y- 
92.021 kDa. Functionally, neuroligins are essential for life as a triple knockout mice 
of neuroligin-1, 2 and 3 die shortly after birth because of respiratory failure; this is 
presumably due to reduced glutamatergic and GABAergic/glycinergic transmission 
in the brainstem (Varoqueaux et al. 2006). These mice were generated by the dele-
tion of exon sequences covering the translation start site and several hundred base 
pairs of the 5′ coding sequence, which resulted in a lack of expression of either full 
length or truncated variants of any neuroligin (Varoqueaux et al. 2006). As previ-
ously suggested, the type of neuroligin isoform dictates whether it will be located in 
an excitatory or an inhibitory cell; neuroligin-2 is predominantly restricted to GA-
BAergic inhibitory synapses, neuroligin-1 favors glutamatergic excitatory synapses 
while neuroligin-3 appears present at both (Varoqueaux et al. 2004; Song et al. 
1999; Budreck and Scheiffele 2007). Neuroligin-1 overexpression increases excit-
atory responses and potentiates NMDA/AMPA receptor ratios, while neuroligin-2 
overexpression enhances inhibitory synaptic responses (or vice versa when deleted) 
(Chubykin et al. 2007). However, the presence of neuroligins do not seem necessary 
for synapse establishment. Deletion of neuroligin-1, 2 and 3 or activity blockade us-
ing antagonists of NMDA receptors or CaMKII do not alter overall synaptogenesis 
or synaptic morphology (Chubykin et al. 2007; Varoqueaux et al. 2006), suggesting 
a role in activity-dependent function. Within the postsynaptic terminal, neuroligins 
are able to interact with PSD-95, gephyrin, Shank3, Pick1, and S-SCAM (for re-
view see Craig and Kang (2007)). Recent evidence highlights the functional impor-
tance of these interactions as Shank3 through its neurexin/neuroligin complex can 
infer widespread changes to pre and postsynaptic protein composition and regulate 
AMPA and NMDA receptor signaling (Arons et al. 2012).

In addition to neuroligins, dystroglycan binds either to the common LNS domain 
of both α and β-neurexins or to the second LNS domain of α-neurexins (Sugita et al. 
2001). Dystroglycan has been shown to be important for normal neuronal func-
tion as a knockout mouse model exhibits impaired synaptic plasticity (Moore et al. 
2002). Despite this and its localisation to a subset of GABAergic cells, its functional 
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link to neurexins remains unclear. Dystroglycan binding to neurexins had no effect 
upon the neurexin suppression of IPSCs (Zhang et al. 2010), nor when using synap-
tic imaging was there evidence that either α or β-neurexins could induce clustering 
of dystroglycan (Kang et al. 2008). Taken together, further work is required to fully 
understand the role of neurexin and dystroglycan binding.

Despite the evidence that α-neurexins act through the inhibitory system, there are 
examples where alterations to α-neurexins modulate glutamatergic function. Whilst 
there were no reductions in protein levels of NMDA receptors or GluA1 receptors of 
newborn triple α-neurexin knockout mice compared to wild-types, the triple knockout 
mice had reduced NMDA receptor currents, suggesting that the normal function 
of NMDA receptors requires α-neurexins (Kattenstroth et al. 2004). In addition, 
neurexin-1α knockout mice have reduced mini excitatory but not inhibitory postsyn-
aptic current frequency and weaker excitatory synaptic strength (Etherton et al. 2009).

Recent discoveries have identified a new postsynaptic molecule through which 
neurexins can act, named LRRTMs, which are also localised to the glutamater-
gic network. α-Neurexins are able to bind to LRRTM1 and LRRTM2, but only 
when the neurexins lack the S4 insert (Siddiqui et al. 2010). When this binding 
occurs, PSD-95 is corecruited along with LRRTM2. Interestingly, using shRNA to 
knockdown LRRTM2, a 40 % reduction in hippocampal excitatory synapse density 
was found with no effects upon inhibitory synapse density, along with deficits in 
excitatory synaptic transmission (de Wit et al. 2009). This is perhaps not surprising 
given that GluA1, GluA2 and GluN1 all interact with LRRTM2 (de Wit et al. 2009). 
Similar reductions in AMPA receptor mediated transmission have been noted by 
LRRTM1 and 2 knockdown during early development (Soler-Llavina et al. 2011). 
However, there is evidence that LRRTM knockdown in more mature brain does not 
cause significant alterations to synaptic transmission (Soler-Llavina et al. 2011).

17.2  NRXN1 Mutations in Humans

The neurexins are a family of pre-synaptic cell adhesion proteins encoded by paral-
ogous genes ( NRXN1-3). Neurexins exist as two proteins; a longer α and a shorter β 
isoform, encoded by separate promoters. NRXN1 is located on chromosome 2p16.3 
of which α and β neurexins have distinct extracellular domains. The promoter for 
neurexin-1α lies upstream of exon 1, while the promoter for neurexin-1β is located 
in the intron downstream of exon 17 (Rowen et al. 2002).

17.2.1  Neurexins in Autistic Spectrum Disorder

17.2.1.1  NRXN1 Mutations and Autism

Since most of the ASD-associated deletions in NRXN1 are predicted to affect the ex-
pression of neurexin-1α, but leave neurexin-1β coding sequences intact, elucidating 
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the function of the neurexin-1α form is particularly pertinent to understanding the 
pathogenesis of disease. We have previously undertaken a review of the literature 
outlining NRXN1 deletions and their association with ASD [see Reichelt et al. 
(2012)]. Here we will briefly recap these findings and supplement them with the 
latest data.

The original description of NRXN1 alterations and its link to ASD can be found 
in Friedman et al. (2006). The authors discovered a de novo deletion affecting the 
promoter and exons 1–5 of neurexin-1α in a 7-year old boy. The child suffered 
autistic traits, cognitive impairment, vertebral anomalies and mild facial dysmor-
phism (Friedman et al. 2006). Further screening by the Autism Genome Project 
Consortium of 1181 families (where a minimum of two family members suffered 
with ASD) found an additional de novo deletion (300 kb in size) affecting two fe-
male siblings that displayed typical autism and mental retardation (Autism Genome 
Project et al. 2007). Glessner et al. (2009) also screened 859 sufferers of ASD and 
confirmed inherited deletions within NRXN1, as did Marshall et al. (2008), although 
the latter also found NRXN1 deletions within their control population. A compre-
hensive review of 12 subjects with exonic NRXN1 deletions was undertaken by 
Ching et al. (2010) linking the size and location of deletion to the patients clinical 
symptomatology.

Current evidence suggests that ASD is associated with heterozygous de novo or 
inherited deletions or mutations; there is only one documented example of someone 
being homozygous for NRXN1. Zweier et al. (2009) discovered compound hetero-
zygosity for two mutations in NRXN1; a deletion spanning exons 1–4 from the 
healthy mother and a stop mutation in exon 15 on the second allele from the healthy 
father. The female suffered with Pitt-Hopkins-like syndrome-2, autistic traits, men-
tal retardation, hyperbreathing and developmental regression (Zweier et al. 2009).

Recent publications have furthered the evidence that NRXN1 mutations are as-
sociated with the development of ASD, solidifying their importance and the need 
for further research to understand their impact upon biological pathways. Gauthier 
et al. (2011), who within this important study also found a deletion in NRXN2, noted 
a rare heterozygous S14L missense mutation within NRXN1 in a patient diagnosed 
with ASD that was inherited from his mother. This particular missense mutation is of 
growing interest as it has been found in four ASD sufferers, but not in 1201 controls 
(Gauthier et al. 2011). Similar screening work has been conducted using a Chinese 
Han population. Out of 313 patients suffering with autism, 7 missense mutations, 
3 deletions and 12 synonymous mutations were found (Liu et al. 2012). However, 
when compared to 500 controls, only one single nucleotide polymorphism (SNP), 
the P300P (rs2303298), was significantly associated with autism (Liu et al. 2012). 
The functional result of these missense mutations has seldom been investigated in 
patients beyond what clinical symptoms (mostly neurobehavioral) they display.

Voineskos et al. (2011) studied people with SNPs (rs1045881 and rs858932) 
within NRXN1 which were demonstrated to be predictive of reduced frontal white 
matter and thalamic volume visualized through MRI scanning and sensorimotor 
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function. Interestingly, these SNPs were found in healthy volunteers, raising the 
hypothesis that those and similar mutations within NRXN1 can explain the aberrant 
neural development that can lead to ASD.

In addition to the reports of SNPs within NRXN1, further examples of CNVs 
have been described. Schaaf et al. (2012) employed array comparative genomic 
hybridization in 8051 patients and found 24 had intragenic deletions of NRXN1. 
Deletions varied in size from 17 to 913 kb, which resulted in the deletion of between 
2 and 13 exons, more frequently affecting the N-terminal domain of neurexin-1 
(and hence NRXN1α) (Schaaf et al. 2012). However, in four cases the deletions did 
affect both NRXN1α and β. The authors provide interesting analysis of the clini-
cal symptomology of those with these deletions; 93 % had intellectual disability, 
59 % infantile hypotonia and 56 % had ASD (Schaaf et al. 2012). Of those that 
had inherited the CNVs, 89 % of their parents also displayed learning issues and/or 
neuropsychiatric disorders (Schaaf et al. 2012). Dabell et al. (2013) undertook an 
even greater screening study; out of 30,065 patients, 35 had exonal deletions within 
NRXN1, the majority clustering over the 5′ region of the gene and affecting the first 
four coding exons, which would disrupt neurexin-1α. Of those patients, 43 % were 
diagnosed with ASD while 16 % had epilepsy (Dabell et al. 2013). Again, Curran 
et al. (2013) found deletions within NRXN1 that predominantly affected neurexin-
1α in their screening efforts, although the patients had a broader range of neuropsy-
chiatric phenotypes.

Whilst the majority of mutations associated with ASD have been discovered 
within neurexin-1α, neurexin-1β has gained recent prominence. The coding exons 
of 86 patients diagnosed with autism and mental retardation were sequenced and 
compared to 200 ethnically matched controls. Four novel point mutations were dis-
covered, two being within exon 18 (c. − 3G > T and p.MET1) affecting the initiation 
codon and are specific to NRXN1β (Camacho-Garcia et al. 2012). The other two 
point mutations were located within exon 24 at positions 1124 and 1132 and are 
common to both neurexin-1α and β (Camacho-Garcia et al. 2012). All four patients 
harboring these inherited mutations had autism and profound mental retardation, 
some comorbid with other phenotypes such as seizures. Family members were also 
screened, although inheritance was variable and they exhibited broad neurobehav-
ioral phenotypes that were not uniformly autism (Camacho-Garcia et al. 2012).

While polymorphisms and CNVs are now well established as causative factors 
of developing ASD, it is interesting to note that it is often comorbid with other 
neurobehavioral phenotype(s) such as developmental delay, learning difficulties or 
epilepsy (Schaaf et al. 2012; Curran et al. 2013). Hence, the genetic alterations 
alone are unlikely to fully explain why one may develop ASD. Exciting research 
is currently furthering our understanding of how gene/gene and gene/environment 
interactions influence the etiology of neuropsychiatric disorders, and it will be of 
great interest to pursue these questions in relation to neurexins. Further work is 
also required to understand how these alterations disrupt the biological pathways 
through which neurexins mediate their synaptic function.
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17.2.1.2  NRXN2 and 3 Mutations in Autism

Exciting evidence has come to light that dispels earlier theories that ASD was only 
linked to mutations within NRXN1. A 2011 study found a deletion located in exon 12 
of NRXN2 in a boy of European ancestry with an ADOS-G score of 21 (autism cut-
off = 12), inherited from his father who had severe language delay (Gauthier et al. 
2011). The mutation removes LNS6 of neurexin-2, and a cell binding assay shows 
deficient binding to neuroligin-2 and LRRTM2 (Gauthier et al. 2011). This was in 
addition to ten disease-cohort specific missense variants in NRXN2 and NRXN3 
from sporadic cases (Gauthier et al. 2011). Furthermore, a 21-year old patient with 
speech problems, autistic traits and dysmorphic facial features was found to have 
a 0.57 Mb deletion in chromosome 11q13.1, which contained NRXN2 (Mohrmann 
et al. 2011). Neurexin-3 has also been recently associated with ASD. Four patients 
diagnosed with ASD (of varying severity) had either inherited or possessed de novo 
microdeletions at chromosome 14q24.3-31.1 (Vaags et al. 2012). These first in-
sights into how neurexin-2 and 3 mutations can result in ASD highlights the impor-
tance of understanding how all neurexins support cellular function and behavior.

17.2.1.3  Neurexin Mutations and Other Disorders

Although alterations to the NRXN1 gene are well established with ASD, it is argu-
able that associations with schizophrenia (SZ) are equally well proven. The first 
evidence for the involvement of NRXN1 in SZ came in 2008 when Kirov et al. 
(2008) found a heterozygous deletion of the promoter and exon 1 of neurexin-1α 
in schizophrenic siblings. Walsh et al. (2008) noted deletions that eliminated exons 
that were common to both neurexin-1α and β. Further examples are discussed in 
Reichelt et al. (2012).

More recently a de novo heterozygous frameshift mutation occurring in NRXN1, 
affecting both NRXN1α and NRXN1β, from a female diagnosed with disorgan-
ised SZ was discovered (Gauthier et al. 2011). In cell binding assays, this mutation 
resulted in a functional deficiency in surface trafficking and binding of NRXN1 
to LRRTM2 and neuroligin-2 (Gauthier et al. 2011), highlighting the effects that 
NRXN1 mutations can have upon the excitatory and inhibitory networks. It was 
estimated in 2009 that 0.19 % of schizophrenia cases (17/8789) are associated with 
NRXN1 deletions (Kirov et al. 2009).

Despite the strong links to ASD and SZ, NRXN1 mutations have been linked to 
other disorders. A screen of idiopathic generalised epilepsy sufferers found 0.3 % 
had exon disrupting deletions within NRXN1, all within the promoter and/or the 
first exons (Moller et al. 2013). In addition, alterations in NRXN3 have now been 
associated with SZ and other neuropsychiatric disorders. Within a Chinese Han 
population, SNPs within NRXN3 were associated with SZ (rs7157669; rs724373 
and rs7154021) (Hu et al. 2013). Other SNPs within NRXN3 have been linked to 
borderline personality disorder (Panagopoulos et al. 2013). Taken together, these 
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examples highlight the importance of the neurexins upon normal neuropsychiatric 
function and the broad range of disorders when mutations occur.

17.3  Neuroligin Mutations in Humans

Deletions or point mutations in neuroligin genes are found in patients with ASD or 
mental retardations. The observation that ASD is 4 times more likely to occur in 
boys than in girls (Lintas and Persico 2009; Baron-Cohen et al. 2005) and that three 
out of five neuroligin genes ( NLGN3-4X&Y) are located on the sex chromosomes 
may provide a rationale for the prevalence of ASD in boys.

17.3.1  Neuroligins in Autistic Spectrum Disorder

The postsynaptic adhesion molecule neuroligin-3 is localized at both excitatory 
and inhibitory synapses (Budreck and Scheiffele 2007). Less is known about the 
function of neuroligin-4, partly because the murine Nlgn4 differs dramatically from 
NLGN4 in other species and even between different mouse strains, limiting research 
opportunities (Bolliger et al. 2008). Of the mouse neuroligin-4, tagging has shown 
that, like other neuroligins, it is postsynaptic and is transported into dendritic spines 
(Bolliger et al. 2008). Like neuroligin-2, mouse neuroligin-4 appears specific to 
the inhibitory network. NLGN4 is widely expressed in the brain, however they are 
found associated with gephyrin and not PSD-95 (Hoon et al. 2011).

A study of Swedish families with autistic children identified a point mutation 
(R451C) replacing arginine with a cysteine in the extracellular portion of neu-
roligin-3 in two brothers, one with typical autism and the other with Asperger’s 
syndrome (Jamain et al. 2003). In addition this study also identified a frameshift 
mutation in neuroligin-4 in another set of autistic brothers (Varoqueaux et al. 2006). 
Further missense mutations within NLGN4X have been demonstrated in a Portu-
guese cohort of ASD patients (Yan et al. 2005), a Greek patient with mild autism 
(Pampanos et al. 2009), a R87W mutation in two brothers with ASD (Zhang et al. 
2009) as well as a frameshift mutation in a French family suffering a range of psy-
chiatric disorders including autism (Laumonnier et al. 2004). A missense mutation 
has also been found within NLGN4Y (Yan et al. 2005). In addition, CNVs within 
NLGN4 of autistic patients have also been reported (Marshall et al. 2008). Talebi-
zadeh et al. (2006) discovered a novel truncated form of NLGN3 within autistic and 
control samples, in addition to a de novo truncated form of NLGN4X only found in 
an autistic female, leading to the suggestion that mutations altering the expressing 
of these truncated proteins can modulate the ASD phenotype. Recent screen-
ing of NLGN3 and NLGN4X in 144 male ASD patients has found variants in the 
highly conserved 3’ untranslated region (UTR) and intronic variants at conserved 
transcription factor binding sites (Steinberg et al. 2012). Two intronic variants in 
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NLGN3 were located at transcription sites and segregated with autism, but none 
of the 3’ UTR variants (one in NLGN3 and two in NLGN4X) significantly affected 
neuroligin-3 or -4 expression (Steinberg et al. 2012).

Mutations within neuroligin-1 have also been found. Glessner et al. (2009) found 
a duplication of CNVs within NLGN1 in autistic patients compared to controls, 
while Ylisaukko-oja et al. (2005) reported a mutation (rs1488545) within a Finn-
ish autistic cohort. A 6.5-year old female with developmental delay and a range 
of neurobehavioral phenotypes was found to harbor an inherited 2.1 Mb deletion 
(3q26.31–3q26.32) that included NAALADL2 and the 3′ end of NLGN1 (Millson 
et al. 2012). Alterations to neuroligin-2 may also have links to neurodevelopment. 
A patient with mental retardation, afebrile seizure and dysmorphic features had a 
de novo 790–830 kb duplication on chromosome 17p13.1, of which one gene that 
was affected was NLGN2, providing the first evidence of neuroligin-2 and genetic 
disorders (Belligni et al. 2012).

Neuroligin production falls under the control of translation factors and mutations 
of translation factors upstream (i.e. mTOR/rapamycin) and downstream (translation 
factors) are likely to alter the expression of neuroligins at the synapse. Gkogkas 
et al. (2013) indicated that that deletion of the gene [4E-binding protein 2 ( 4E-BP2)] 
encoding the translational repressor eukaryotic translation initiation factor 4E 
(eIF4E), a key factor for protein translation initiation of which mutations have been 
associated with autism, disrupted synaptic transmission and produced ASD-related 
behavioral deficits in mice, that could be rescued by deletion of NLGN1. Hence, 
alterations in the neuroligins, either directly or in proteins that affect neuroligin 
expression, can produce phenotypes that reflect ASD.

However, it is important to note that analysis of NLGN1, NLGN3, NLGN4X, and 
NLNG4Y suggests that neuroligin mutations represent only rare causes of autism 
(Ylisaukko-oja et al. 2005).

17.4  Behavioral Phenotypes of Neurexin and Neuroligin 
Mouse Models

17.4.1  Neurexin Mutations

Given that mutations and microdeletions have been strongly associated with ASD, 
transgenic mouse models have been utilized to understand the impact of these 
mutations upon behavioral phenotypes. This has been made possible with the de-
velopment of mice that have a microdeletion within the promoter and exon 1 of 
Nrxn1α (Geppert et al. 1998).

Homozygous Nrxn1α mice have been tested in a range of behavioral paradigms. 
While homozygous deletions of NRXN1 have only been documented once (Zweier 
et al. 2009) and heterozygous deletions are more commonly associated with ASD, 
knockout mice may provide a clearer behavioral phenotype from which to inform 
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future research. As such, 2–6 month old Nrxn1α knockout mice and their wild-type 
littermates were tested and found to have reduced prepulse inhibition (PPI), indicat-
ing sensorimotor gating deficiencies, increased grooming behaviors and impaired 
nest building (Etherton et al. 2009). The sensorimotor defects have been demon-
strated in ASD patients (Perry et al. 2007), although it is a rare phenotype of ASDs, 
while the increased grooming and altered nest building are suggested to represent 
increased stereotyped patterns of behavior and a lack of social care, respectively, 
which are core features of ASD. Despite this, these mice were unaffected in so-
cial behaviors with other mice and had ‘normal’ spatial learning in the watermaze 
(Etherton et al. 2009). The lack of sociability deficits in Nrxn1α knockout mice, 
the major behavioral domain of ASD, would suggest that these mice only partially 
recapitulate aspects of an ASD-like phenotype. However, female Nrxn1α knock-
out mothers exhibit less care for their litter, regardless of genotype (Geppert et al. 
1998). When compared to their normal performance in gross measures of sociabil-
ity, Nrxn1α knockout may only produce a very specific form of social impairment.

Further behavioral characterization has been performed in heterozygous Nrxn1α 
mice. The use of heterozygous neurexin-1 mice is of interest, given that this type of 
deletion is associated with ASDs. Heterozygous male Nrxn1α knockout mice were 
hyperactive when exposed to a novel arena, although they habituated with repeated 
exposures, while female heterozygous mice were similar to wild-types (Laarakker 
et al. 2012). Male heterozygous Nrxn1α knockout mice also show long-term object 
discrimination memory, but only during the first 5 min of the 10 min test phase; 
the discrimination for the latter 5 min was significantly impaired (Laarakker et al. 
2012). Sex-dependent behavioral effects of Nrxn1α deletions would corroborate 
the male biased expression of autism, although as yet the underlying mechanism 
remains unresolved. The lack of characterization of Nrxn1α knockout mice, espe-
cially in tests of cognition, highlights that further work is required to fully under-
stand the roles of neurexin-1. As yet there has been no behavioral characterization 
of neurexin-2 or -3 mice, and given the recent association of NRXN2 and 3 with 
ASD, we look forward to research that addresses this.

17.4.2  Neuroligin Mutations

The importance of understanding the behavioral consequences of neuroligin muta-
tions is two-fold. First, genetic screens of ASD patients have found deletions and 
mutations within the neuroligin genes, so modeling these in mice to determine their 
function is crucial. Second, neuroligins bind to neurexins, and since neurexin muta-
tions are also linked to ASD, behavioral research will help to clarify the functional 
links between neurexins and neuroligins.

Nlgn1 knock-out mice display deficits in spatial learning and memory in the 
Morris water maze which was hypothesized to be related to impaired hippocam-
pal long-term potentiation (Blundell et al. 2010). These mice exhibit a dramatic 
increase in repetitive, stereotyped grooming behavior and impaired nest building, 
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characterized as ASD-relevant abnormalities. However, minimal social deficits 
were observed and anxiety-like behaviors, locomotor activity and PPI were normal 
in these mice (Blundell et al. 2010).

As discussed previously, dysfunction of the eIF4E repressor by 4E-BP2 knock-
out increased translation of neuroligin-1, impacting upon inhibitory and excitatory 
synaptic transmission (Gkogkas et al. 2013). The 4E-BP2 knockout mice displayed 
ASD-related behaviors including reduced sociability and social memory, altered 
communication, and increased repetitive behaviors (Gkogkas et al. 2013).

Although there is little evidence for the association of NLGN2 mutations with 
ASDs, Nlgn2 knockout mice have nevertheless been behaviorally characterized. 
These mice expressed an anxiety phenotype, with deceased time spent in the center 
of an open field arena and anxiety-like behavior in the dark/light box, although their 
other social behaviors were normal (Blundell et al. 2009).

The Nlgn3 (neuroligin-3 knock in) mouse carries the R451C mutation in the 
NLGN3 gene reported in a family affected with ASD (Jamain et al. 2003). In addi-
tion to altered synaptic transmission, these mice showed reduced social interactions 
with a novel mouse while also having enhanced spatial learning in the Morris water 
maze (Tabuchi et al. 2007). However, two studies have been unable to replicate these 
results. Chadman et al. (2008) found no differences in sociability across several dif-
ferent paradigms in Nlgn3 (R451C) mice, while Karvat and Kimchi (2012) also 
found no difference in social interaction or stereotyped behaviors. Nlgn3 knockout 
mice have shown phenotypes relevant to ASD, including impaired social memory 
and olfaction, hyperactivity in an open field and reduced fear memory (Radyush-
kin et al. 2009). Finally, Nlgn4 knockout mice also exhibit reduced sociability and 
social memory in a three chambered arena, in addition to reduced ultrasonic vocali-
sations upon exposure to a novel mouse (Jamain et al. 2008).

17.5  Conclusions

Research over the previous 15 years has found that presynaptic neurexins and their 
postsynaptic binding partners are prime candidates responsible for the organization 
of synaptic proteins and strengthening of neural transmission. However, the 
intricacy of how the neurexin/neuroligin/LRRTM complexes mediate their function 
is more complicated that first envisaged. Given that mutations in NRXN, NLGN 
and LRRTM have now been associated with autism and other neuropsychiatric dis-
orders, the importance of determining the functional roles of these CAMs is vital. 
Mouse models containing microdeletions within these genes have shown neuro-
psychiatric-like behaviors and offer useful tools for future investigations. However, 
further fundamental research is needed; little is known about how these CAMs 
function in vivo or in the adult animal, partly since the literature is dominated by 
cell culture experiments which can limit their interpretations. Studies examining 
the possible rescue of aberrant behavioral or synaptic transmission phenotypes in 
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knockout mouse models by pharmaceutical intervention are vital to the challenge of 
developing therapies for patients afflicted with these genetic alterations.
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Abstract The role of the neurotrophins in supporting brain growth, development 
and maintenance is increasingly recognized in health and disease. On the other 
hand, the role of their receptors is just unfolding, as is, the hypothesis of the ligand-
receptor homeostasis. Many toxins, toxicants, and infectious agents affect both the 
ligands and their receptors, disrupting this homeostasis and affecting many devel-
opmental processes. Accumulating evidence points to the abnormalities in both the 
neurotrophins and their receptors in autism. This chapter highlights some of the 
recent findings regarding neurotrophin/receptor abnormalities in autism

Keywords Brain development • Brain derived neurotrophic factor (BDNF) • Nerve 
growth factor (NGF) • Neurotropin-3 (NT-3) • Neurotrophin 4/5 (NT-4/5)

18.1  Role of Neurotrophins During Development

Abnormal brain growth and development in autism is suggested by imaging and 
head circumference studies (Courchesne et al. 2001) and stereological Purkinje cell 
analysis (Whitney et al. 2008). It is logical to assume that etiology of autism is relat-
ed to disrupted brain development, and abnormal course of various developmental 
events. Many of these processes, such as cell proliferation, migration, differentia-
tion and synaptogenesis are dependent on neurotrophins (McAllister et al. 1999).

The term neurotrophin generally refers to six structurally related factors: brain-
derived neurotrophic factor (BDNF), nerve growth factor (NGF), neurotrophin-3 
(NT-3), neurotrophin-4 (NT-4), neurotrophin-5 (NT-5) and neurotrophin-6 (NT-6). 
During brain development individual cell populations in different brain regions 
undergo chronological transition from cell proliferation, cell migration, differen-
tiation, synaptogenesis and elimination of cell excess; neurotrophins play impor-
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tant functions in all of these processes (Riikonen and Vanhala 1999; Nelson et al. 
2001, 2006; Miyazaki et al. 2004; Connolly et al. 2006; Hashimoto et al. 2006). 
Moreover, disruption of synapse formation, stabilization and function, observed in 
autism (Zoghbi 2003), may be brought about by abnormal neurotrophin expres-
sion (Zagrebelsky and Korte 2014). Arguments favor the hypothesis that altered 
expression of neurotrophins early during the development contributes to the autistic 
pathology (Nelson et al. 2001). Furthermore, altered neurotrophin expression may 
be brought about by the environmental triggers as discussed below.

Animal data suggest a brain region-specific developmental expression of indi-
vidual neurotrophins (Das et al. 2001). In rat cerebellum NT-3 is most abundantly 
expressed during embryonic development with a peak at postnatal day 1 and a sub-
sequent decrease (Das et al. 2001). In monkey cerebellum the level of NT-3 was 
also higher during embryonic stages and decreased in adulthood, while the level 
of NT-4/5 increased during both embryonic and postnatal development, gradually 
declining with age (Takumi et al. 2005). If a similar developmental profile occurs in 
the human cerebellum, then the persistent elevation in NT-3 could upset the balance 
of neurotrophic factors and affect brain growth and development. Specifically, over 
expression of NT-3 could contribute to the cerebellar overgrowth observed in some 
autistic cases (Courchesne et al. 2001).

18.2  Environmental/Infection Effect of Neurotrophins

Evidence in support of the environmentally-derived disruption of neurotrophin ex-
pression comes from several lines of observations such as increased levels of hippo-
campal BDNF in response to lead (Chao et al. 2007), increased expression of NGF 
in C6 glioma cells following exposure to polychlorinated biphenyls (PCBs; Gurley 
et al. 2007), or increased production of NGF by fibroblasts in response to methyl 
mercury (Söderström and Ebendal 1995).

Recent studies have indicated that maternal infection during fetal brain develop-
ment may be one of the risk factors for autism. Furthermore, it has been observed 
that maternal infection during pregnancy results in decreased amniotic fluid levels 
of NGF and BDNF (Marx et al. 1999). Study of the effect of the Borna disease virus 
(BDV) infection on the hippocampal neurons showed inhibition of BDNF-induced 
ERK 1/2 phosphorylation, BDNF-induced expression of synaptic vesicle proteins 
and severely impaired synaptogenesis and synaptic organization (Hans et al. 2004). 
Thus viral infection can interfere with neurotrophin-regulated neuroplasticity and 
neuronal connectivity. More recently, using lipopolysaccharide (LPS)-exposed rat 
model of infection we have shown elevation in cerebellar NT-3 levels in pups of 
LPS exposed dams (Xu et al. 2013a). Furthermore using the same model we have 
observed a significant elevation in BDNF gene expression (Xu et al. 2013b).
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18.3  Possible Consequences of Altered Neurotrophins 
(Excess vs. Deficit)

Neurotrophins, and specifically, BDNF and NGF are important for the survival, 
maintenance and regeneration of specific neuronal populations in the adult brain and 
their depletion has been linked to neurodegenerative diseases such as Parkinson’s, 
Alzheimer’s disease (AD) and Huntington’s disease. BDNF and NT-3, implicated in 
neuronal growth and synapse activity, decrease in different brain regions of patients 
with AD (Corbett et al. 2013).

Studies in transgenic mice indicated that NGF changes induced activation of am-
yloidogenesis and tau processing and provided link between neurotrophin signaling 
deficit and AD neurodegeneration (Cattaneo and Callisano 2012). Furthermore, ex-
periments in neuronal culture revealed anti-amyloidogenic action of NGF/TrkA and 
suggested the importance of homeostatic balance between the neurotrophins and 
their receptors (Cattaneo and Callisano 2012). The expression of p75NTR recep-
tor is increased in the AD hippocampus and Aβ-bound p75NTR triggers cell death 
(Armato et al. 2013).

It is important to realize that neurotrophin levels in normal controls are not con-
stant but alter according to genetically determined trajectories. In humans, BDNF 
increases with age, while NT-3 and NT4/5 concentrations decrease (Nelson et al. 
2006). The level of NT-3 decreases with age in the rodent brain (Das et al. 2001). 
Consequently, if a similar developmental down regulation occurs in the human cer-
ebellum, then prolonged and persistent elevation of NT-3 in autism suggested by 
our data (Sajdel-Sulkowska et al. 2009, 2011) may have profound consequences 
on neuronal growth and synapse formation. Furthermore, while in healthy controls 
serum BDNF increases with age decreasing slightly in adulthood, it is abnormally 
low in children with autism suggesting a delay in normal age-dependent increase in 
BDNF (Katoh-Semba et al. 2007).

In addition to the trophic function, NT-3 may also under certain conditions exac-
erbate oxidative stress (Bates et al. 2002) as a part of a response to hypoxia (Pasarica 
et al. 2005) affecting survival of Purkinje cells in vitro (Morrison and Mason 1998). 
In that respect, NT-3 behaves like NO playing an important role in neuronal dif-
ferentiation by nitrative modification of specific proteins (Cappelletti et al. 2003). 
However overproduction of nitric oxide leads to peroxynitrite formation as a source 
of neurotoxicity (Vargas et al. 2004). Increase in peroxynitrite results in nitration of 
free- and protein-bound tyrosine residues leading to 3-nitrotyrosine (3-NT) forma-
tion and protein modification as observed in a number of human pathologies.

It has been suggested that the negative action of NT-3 may be related to altered 
glutamate receptors (Behrens et al. 1999). Thus it is of interest that glutamatergic 
system abnormalities (Yip et al. 2007) have been implicated in selective Purkinje 
cell decrease in autism (Rout and Dhossche 2008).

Interestingly, BDNF has been implicated in mediating several of the effects of 
estrogen in hippocampus; in turn estrogen regulates BDNF as well as trkB and 
p75NTR of the mossy fiber pathway with altered hippocampal BDNF levels poten-
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tially affecting hippocampal functions (Harte-Hargrove et al. 2013). Estrogen and 
the neurotrophin ligand-receptor complexes have been implicated in etiology of 
diverse types of neurological or psychiatric disorders (Harte-Hargrove et al. 2013). 
This estrogen-BDNF interaction may contribute to the sex-dependent differences in 
brain development.

18.4  Changes in Neurotrophins in Autism

Most of the data on neurotrophin levels in autism are derived from the analysis of 
blood levels (Kozlovskaia et al. 2000; Nelson et al. 2001, 2006; Miyazaki et al. 
2004; Tsai 2005; Connolly et al. 2006; Nelson et al. 2006; Katoh-Semba et al. 2007; 
Croen et al. 2008; Tostes et al. 2012). In this context, it is important to realize that 
these do not necessarily reflect the brain neurotrophin levels because of the blood–
brain-barrier. A few of the results derived from the direct measurement of the brain 
neurotrophin levels suggest an independent regulation of the two pools.

The hypothesis of early hyperactivity of BDNF in autism (Tsai 2005) is sup-
ported by increased levels of BDNF in the serum (Nelson et al. 2001) and may be 
associated with early brain outgrowth (Courchesne et al. 2001). BDNF levels were 
also elevated in newborn sera of children with autism (Connolly et al. 2006), but 
so were elevated autoantibodies suggestive of interaction between immune system 
and BDNF (Connolly et al. 2006). Others observed increased blood BDNF levels 
in young adults with autism (Miyazaki et al. 2004). Furthermore, elevated BDNF 
levels were also observed in basal forebrain of young adults with autism (Perry 
et al. 2001); NGF levels remained normal and NT-3 levels were not measured in 
this study. However, in adult male patients with autism the levels of BDNF were 
reduced as compared to normal controls (Hashimoto et al. 2006).

In healthy controls the serum BDNF concentrations increased over the first sev-
eral years, then decreased after reaching the adult level. In autism, the serum levels 
of BDNF were lower in children 0–9 years compared to teenagers and adults in-
dicating a delayed increase of this neurotrophin with development (Katoh-Semba 
et al. 2007). On the other hand population-based case control studies of archived 
maternal mid-pregnancy and neonatal blood did not show changes in BDNF levels 
in autism (Croen et al. 2008). BDNF expression in the peripheral blood lympho-
cytes of the drug naïve autism patients was found to be significantly higher than in 
the control group suggestive of a possible pathologic role of BDNF on the seroto-
nergic system (Nishimura et al. 2007). Additionally, an increased level of BDNF in 
the basal forebrain in autism has also been reported (Nelson et al. 2006).

An association between BDNF gene polymorphism and autism was found in 
Chinese population (Cheng et al. 2009). More recently we have observed abnormal 
expression of brain derived neurotrophic factor (BDNF) gene in autism (Khan et al. 
2014). Study of rs6265(BDNF) as a genetic marker of anxiety, ADHD and tics 
found BDNF genotype marginally significant for social phobia in children with 
ASD (Gadow et al. 2009)
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Elevation of blood serum levels of NGF in early autism was reported (Kozlovs-
kaia et al. 2000), but the analysis of CSF showed normal levels of NGF in children 
with autism (Riikonen and Vanhala 1999). The analysis of basal forebrain in autism 
showed no changes in NGF in teenage cases (Nelson et al. 2006).

It has been previously reported that blood NT-3 levels were significantly lower 
in autistic neonates (Nelson et al. 2006); others supported this observation and re-
ported plasma levels of NT-3 that were significantly lower in children with autism 
(Tostes et al. 2012). NT-3 is specifically involved in neuronal differentiation (Ghosh 
and Greenberg 1995) neurite fasciculation (Segal et al. 1995) and axonal targeting. 
In the prenatal system, overexpression of NT-3 affects the formation of specific 
synapses. Our data indicating increased NT-3 expression in brain tissue derived 
from a subset of autistic cases including older donors suggest an abnormal synapse 
formation in autism (Sajdel-Sulkowska et al. 2009). Specifically, we reported an in-
crease in NT-3 in cerebellar hemispheres, dorsolateral prefrontal cortex, Wernicke’s 
area and cingulate gyrus suggesting brain region specific NT-3 changes (Sajdel-
Sulkowska et al. 2011).

Neurotrophin 4/5 (NT-4/5) were also elevated in autism; furthermore that eleva-
tion was observed in peripheral blood in the first days of life (Nelson et al. 2001).

Thus several lines of evidence point out to altered neurotrophin levels in autism; 
complementary changes in related trophic factors have also been recently reviewed 
(Jockschat and Miche 2011).

18.5  Relationship Between Neurotrophin Changes  
and Autistic Pathology

Consistent neuropathological findings in autism include an early increase in brain 
size (Courchesne et al. 2001; Sparks et al. 2002), decrease in Purkinje cells, smaller 
neuronal size and decreased dendritic branching in the cerebellum (Bailey et al. 
1998), hippocampus and amygdala (Kemper and Bauman 1998; 2002) and reduced 
neuronal and dendritic pruning (Ben Bashat et al. 2007; Palmen et al. 2005). Ad-
ditionally, reduced connectivity in autistic brain regions is associated with impaired 
social cognition as documented by diffusion tensor imaging of white matter struc-
ture (Barnea-Goraly et al. 2004). Decrease in executive function in autism has been 
suggested by functional magnetic resonance imaging studies (Dawson et al. 2002). 
However, the link between neurotrophin abnormalities and autistic symptoms, is 
supported by a very small number of animal studies and human observations.

The hypothesis that early BDNF hyperactivity may play a role in autism etiology 
is supported by an association between the early increase in BDNF levels in both 
serum and brain tissue in autistic children and early brain outgrowth in autism (Tsai 
2005).

We reported an increase in NT-3 in cerebellar hemispheres, dorsolateral prefron-
tal cortex, Wernicke’s area and cingulate gyrus suggesting brain region specific NT-
3 changes in autism (Sajdel-Sulkowska et al. 2011). Significantly, these particular 
brain regions are functionally altered in autism.



388 E. M. Sajdel-Sulkowska

Importantly, variants of BDNF genes are linked to the decline in executive func-
tion with aging (Erickson et al. 2008; Raz et al. 2009) and animal data suggest that 
this effect may be mediated through a BDNF effect on synaptic plasticity in the 
prefrontal cortex (Sakata et al. 2009).

Further neurotrophin-behavioral link is provided by a transgenic mouse model 
deficient in the BDNF that exhibited diminished brain circuitry and selective deficit 
in social- and anxiety-related behaviors (Sadakata et al. 2012). Independently, a 
knockout mouse model of fragile X syndrome with a reduction in BDNF expression 
showed a deficit in cognitive skills (Uutela et al. 2012). However, at this point, the 
link between neurotrophin abnormalities and autistic pathology awaits further clini-
cal and experimental confirmation.

18.6  Neurotrophin Receptor Abnormalities in Autism  
and Their Implications

Neurotrophins are synthesized as pro-neurotrophins and are then converted to the 
active neurotrophins. Both forms interact with the neurotrophin receptors, p75 and a 
member of the tyrosine kinase family (Trk), located on the target cells. The interac-
tion of neurotrophins with the p75 receptor is of low affinity type and nonspecific. 
Binding to the Trk receptors is of high affinity type and specific for individual neu-
rotrophins; BDNF binds to TrkA, B, and C, NT-3 binds to TrkC and NT-4/5 binds 
to TrkB receptors (Jockschat and Miche 2011).

It has been proposed that alterations in BDNF/tyrosine kinase B (TrkB) contrib-
ute to autistic pathology (Correia et al. 2010). Further, the activation of proapoptotic 
process may be related to lower BDNF levels and down regulation of Akt kinase 
and Bcl2 antiapoptotic signaling pathway in autistic brain (Sheikh et al. 2010).

Finally, a significant association with autism was determined for single nucleo-
tide polymorphism in the TRK2 gene supporting its role as a susceptibility factor 
for the disorder (Correia et al. 2010).

18.7  Neurotrophins and Their Receptors as New 
Therapeutic Targets

Neurotrophin abnormalities are being targeted in new therapies of AD. Successful 
clinical NGF trials in AD are ongoing and preclinical BDNF studies are promising 
(Allen et. al. 2013). The results of these studies in AD offer new hope for novel 
therapies in autism. However, the blood–brain-barrier presents a problem and the 
neurotrophins must be infused either directly to the brain, produced internally by 
recombinant vectors or by the implanted protein-secreting cells or provided by ac-
tive transport, or in a shorter, modified form.
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Independently, another way of correcting neurotrophin deficit in AD brain in-
volves stimulation of astrocytic BDNF and NT-3 expression by sodium phenyl-
butyrate (NaPB; drug for hyperammonemia); initial results indicate that NaPB-in-
duced astroglial neurotrophins are functionally active and that oral administration 
of the drug increases neurotrophin levels in the CNS (Corbett et al. 2013). However, 
its potential therapeutic use in children with autism could be limited by cross-reac-
tivity with other medications and availability of taste-masking formulation (Guffon 
et al. 2012).

Among the important issues to consider is the question whether autistic pathol-
ogy is related to either neurotrophin or neurotrophin receptor deficits or disruption 
of neurotrophin-receptor homeostasis.

Encouraging are the observations that enriched environment upregulates Akt 
pathway as well as expression of BDNF, NGF and TrkB (Hu et al. 2013). This 
observation not only supports the key role in early intervention but offers new thera-
peutical avenues of correcting neurotrophin imbalance in autism noninvasively.

In summary, evidence albeit scarce from animal and human studies implicates 
both neurotrophins and their receptors in autistic pathology. Alterations in blood and 
brain tissue levels in neurotrophins indicates both an increase and decrease in their 
levels, and a deviation from normal developmental trajectory. An association with 
autism for polymorphism in the TRK2 gene supports the notion of neurotrophin 
receptor abnormalities in autism. A hypothesis of distorted neurotrophin-receptor 
abnormality in autism has been formulated. Therapies addressing abnormalities in 
neurotrophin in AD are cautiously promising and suggest hope for similar therapies 
in autism.
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Abstract Evolutionists point out that ASD’s continued presence in the human popu-
lation may be because of the need for a few individuals to have extreme focus at the 
expense of human interaction. Regardless of the validity of this hypothesis, in a mod-
ern society autism places a considerable burden on the quality of life for patients and 
their caregivers. To date, the study of Autistic Spectrum Disorders (ASD) has yielded 
no specific common cause. This has made diagnosis and treatment difficult. This chap-
ter reviews a variety of variables that have over the past years received clinical and/
or animal experimental support for their relation to autism. They range from neuropa-
thologies affecting individual cells or the size of entire brain areas, to considerations 
of the role of inflammation or environmental factors and autism. Important clues may 
also come from comparative studies of subjects with ASD and with schizophrenia, 
two disorders known to be associated with neuropathologies in the cerebellum and 
prefrontal cortex. Clearly, ASD research now faces the considerable challenge of inte-
grating large amounts of diverse data. Qualitatively new insights will most likely arise 
from integrative approaches considering interactions between prominent variables.

Keywords Cerebral cortex · Cerebellum · Minicolumns · Evolution · Sensorimotor 
and cognitive dysfunction · Sports · Schizophrenia · Animal models · Intelligence · 
Environment · Stress · Brain size · Prefrontal cortex · Brain development · Self · 
Memory · Autoimmunity · Leaky gut · Dopamine · Pruning · Inflammation

Autism in humans is a complex array of loosely related conditions rightly called 
Autism Spectrum Disorders (ASD). A specific cause common to all forms of ASD 
has not been identified and, as this brief review will demonstrate, most likely never 
will be because of the substantial array of manifestations and degrees of severity 
of ASD. Several other facets of understanding ASD, including diagnostic methods, 
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objective measures, and similarities with other neurological conditions, have served 
to further complicate our knowledge of this spectrum of disorders.

If one compares an autistic brain with one from the general population, there is 
little in the way of gross abnormalities. Casanova (2005) discusses some of the few 
differences in his consideration of the minicolumns of cells in the cerebral cortex. 
He emphasizes the fact that few actual brains of autistic people have been studied. 
This continues to be a serious problem. Casanova found the cortical minicolumns 
of the autistic brain to be reduced in size, thus one dendrite will connect with more 
minicolums in the autistic person than in the normal.

The place of autism in the evolutionary history of mankind is interesting to con-
sider and can give us an insight into the big picture of what autism is. Reser (2011) 
considers the possibility that autistic individuals during the time of early man fit 
into the scheme of daily life because food was scarce and the presence of “solitary 
foragers” could be a distinct advantage because large groups most likely had to dis-
band periodically to survive. He says such an environment would favor the mildly 
autistic but that assortative mating would occasionally produce the more severe 
cases of autism. He suggests that autism is not necessarily a disease but a way of 
suppressing social information to focus on more specific tasks at hand.

Ploeger and Galis (2011) do consider autism a disorder that is detrimental to 
reproductive success, certainly a negative factor in evolution. They say that autism 
has not been eliminated by evolution because autism is a polygenic disorder whose 
genes interact. Probably, they say, these genes are also involved in positive traits, 
specifically increased intelligence which is related to reproductive success. Their 
hypothesis is that these genes normally contribute to normal or higher intelligence 
while unlucky individuals have to live with autism when the genes interact in such 
a way or spontaneously mutate to leave the individual in this low-fitness extreme.

Further, these authors describe the defensive responses of the autistic individuals 
as being more like that of the reptilian than the mammalian brain. A mammal tends 
to dampen the defensive system in response to stress by interaction in social situa-
tions while the reptile is in a chronic state of hypervigilance or shutdown. For the 
reptile and its environment, this strategy works, but for the mammal this is not an 
adaptive strategy. In other words, the autistic brain is not utilizing the full cognitive 
capacity of the mammalian brain in reaction to stressors.

In discussing the relationship between sensorimotor and cognitive dysfunction in 
autism and related disorders we take a general view of the link between brain func-
tion in general and motor control. Sessile organisms such as plants, have evolved 
successfully without the possession of a nervous system. The ability of an organism 
to move, however, whether in aquatic or terrestrial environments, seems to be in-
extricably linked with the possession of a nervous system, capable of sensing envi-
ronmental and internal states and of generating movements appropriate for survival.

Based on evolutionary and neurophysiological considerations it seems possible 
to argue that cognitive and sensorimotor processes are closely related in terms of 
their underlying neuronal principles. A quote attributed to the late Walle Nauta 
(1916–1994) elegantly summarizes this idea: “What is a thought except a movement 
that is not connected to a motor neuron”. This view implies that the challenges and 
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advantages associated with the ability to move around freely led to the evolution of 
neuronal mechanisms which can also support the development of complex cognitive 
processes such as self awareness, planning and decision making. In his 2002 book 
“I of the vortex”, Rodolpho Llinás (2002) also argues in favor of a common evolu-
tionary origin of the neuronal mechanisms underlying sensorimotor and cognitive 
processes, suggesting that thoughts are “internalized movements” (Llinas 2002).

The brain structure most implicated in cognitive function is the neocortex, par-
ticularly its prefrontal areas, which are not primarily involved in sensory or motor 
processes.

The question arises as to whether the characteristic neural circuitry of the neocor-
tex can be used to generate both movements and mental processes. The most funda-
mental forms of movement, such as swimming, walking, breathing or chewing, are 
also the ones most relevant for survival and basic life support. These movements 
are typically highly rhythmic and controlled by semi-autonomous neuronal circuits 
called “central pattern generators” (CPGs), located in the spinal cord and brain stem 
(Grillner 2006; Harris-Warrick 2010). A characteristic feature of CPGs is that they 
can generate functional output independent of sensory inputs but can be modulated 
by sensory activity or top-down signals from other parts of the brain. In an opin-
ion article that appeared in the journal Nature Review Neurocience, Yuste and col-
leagues argued that neocortical circuits could be considered analogous to CPGs as 
the neocortex is able to generate output in the absence of sensory inputs but can also 
be strongly modulated or engaged by sensory or other inputs (Yuste et al. 2005).

Together the above ideas suggest that sensorimotor and cognitive processes 
cannot be considered independent of each other as they are generated by circuits 
based on common neuronal principles and consequently common vulnerabilities 
to disease. As a consequence, pathological changes affecting the function of basic 
neocortical circuits will inevitably cause both sensorimotor and cognitive deficits 
and those would not be limited to a specific cognitive disorder but rather apply to a 
broad spectrum of those.

Too often, generalizations about the effect of autism on motor function have, to 
a great extent, ignore the fact that a significant number of people with autism have 
become celebrated athletes, even in sports requiring keen sensorimotor coordina-
tion such as archery, surfing, weightlifting, running, and karate. These accomplish-
ments are beyond what is often seen in special Olympics and amateur sports. Often 
the athletes themselves have said ASD has in a way been an advantage because 
the condition allows intense focus and the ability to isolate themselves from what 
would otherwise be considered the hyper-excitement of the moment (See the exten-
sive number of reports on the popular autism internet general information sites con-
cerning this and including discussion of people successful in such a diverse array 
of sports. Examples: http://www.attentionlearningcenter.com/add-athletes-autism.
htm, http://autismandathletics.wordpress.com/about/). Indeed, that this is possible 
demonstrates that autism is a spectrum of disorders.

Two prominent cognitive disorders, autism and schizophrenia, are also associat-
ed with neuropathology of the cerebellum, a brain structure long believed to be ex-
clusively involved in the coordination of movements and motor learning. However, 

http://www.attentionlearningcenter.com/add-athletes-autism.htm
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recent years have seen a fast accumulation of evidence for a role of the cerebellum 
in cognition as well (Schmahman 1998; Strick et al. 2009). The neocortex and the 
cerebellum have coevolved and are heavily interconnected, suggesting a close func-
tional interaction between the two structures, which is likely to be affected in ASD 
brains (Heck and Howell 2013). Here we approach the question of the relationship 
between motor and cognitive deficits in autism and other cognitive disorders by 
considering the neocortex and cerebellum as a functional entity and by reviewing 
known and proposed mechanisms of cerebro–cerebellar interaction.

Fatemi et al. published an exhaustive review of the pathological role of the cer-
ebellum in autism (2012). The authors concluded their paper with the caution that 
“More definitive behavioral tests are required to confirm the validity of animal 
models for autism”.

Autism in the human presents both a positive and a negative opportunity for 
understanding the disorder. Invasive experiments are limited to animal models, but 
behavioral and clinical observations and direct questioning of patients are equally 
important and useful, provided they are conducted with sufficient caution.

Many primary questions about autism are still much argued in the literature. A 
good example of this is a study described by Dawson et al. (2007) concerning the 
level of autistic intelligence compared to that of non-autistic control subjects. Their 
conclusion was that the intelligence of autistic people has been too often underesti-
mated, but the true value of the paper was their careful and systematic development 
and presentation of their methodology. This was a refreshing, educated insight into 
the nature of autism.

Of course we know that genetic mutations have been linked to autism. It is 
thought these could number in the hundreds (Buxbaum et al. 2012). Epigenetics 
also plays a role (Shulha et al. 2012), just as it does in normal brain development.

Epigenetics would be expected to play a role in the development of autism in 
response to stress. In fact, stress has been implicated and studied extensively by 
many as being a possible cause of ASD.

Prenatal stressors were correlated with an increased incidence of autism if they 
occurred during 21–32 weeks of pregnancy, with a peak between 25 and 28 weeks 
(Beversdorf et al. 2005). This was seen to be consistent with particular pathologi-
cal outcomes of neuroanatomical development, e.g. showing pathological changes 
in the cerebellum, but the authors called for more studies related to their findings.

Kern and Jones (2006) implicated neuronal cell death, and brain damage from 
insult after birth caused by the effects of toxicity and oxidative stress. This, they 
said, was related to the loss of Purkinje cells found in autism and the related in-
crease in the volume of the brain.

Eric Courchesne and others have taken good advantage of the limited amount of 
brain tissue available from autistic people who died and donated their brains. From 
these studies he found a 67 % increase in the number of brain cells of the prefrontal 
cortex when compared to corresponding tissue from people of the same age who 
were not autistic (Courchesne et al. 2011). Brain weight and overall size were also 
increased in autistic individuals (Courchesne et al. 2011). This was consistent with 
earlier reports of autism being related to overgrowth of the head and brain in the 
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frontal region. In fact, Stanfield et al. (2007) pointed out that in autistic subjects 
they studied with magnetic resonance imaging (MRI), although the corpus callo-
sum was reduced, the total brain, the caudate nucleus, and the cerebral hemispheres 
exhibited an increased volume.

Several investigators over the years have discussed the overgrowth of nerve cells 
in the prefrontal cortex as characteristic of autism and Courchesne’s continuation 
of this study has quantified some specific processes leading to this condition. The 
lack of selective pruning of collaterals during development in this region of the 
brain seems to be a primary factor. We know that pruning of nerve cells is a major 
component of brain development in the early years of life. This has been studied in 
several specific areas of brain development. One of the most striking investigations 
of this was of the role of nerve cell pruning in the development of stereo vision 
(Ding and Elberger 2000, 2001). Improper pruning would lead to impaired vision 
or even blindness. In the case presented by Courchesne et al. (2011) the massive 
prenatal build up of nerve cells resulting from lack of pruning in the prefrontal 
cortex might leave the individual with increased “neuronal noise” in this portion of 
the cognitive system.

Evidence suggests that the cerebral–cerebellar connection is greatly impaired in 
autism (Skoyles 2002) and this portion of the problem seems to be a central factor of 
the pathology of autism. That cerebral–cerebellar function of fine-tuning movement 
and muscle action is impaired, is easily seen in many people with autism because of 
their lack of smooth movement and various other motor deficits (Donnellan et al. 
2013). On a simplistic level, this is understandable considering that it is generally 
accepted that the prefrontal cortex normally takes longer to mature than the cer-
ebellum and, in autism, the communication between the cerebellum and prefrontal 
cortex is likely to be impaired due to the overpopulation of the prefontal cortex with 
nerve cells and the possibly resulting increase in “noise” (Courchesne et al. 2011).

Bernard Crespi (Crespi 2010; Crespi et al. 2010) hypothesized that autism spec-
trum disorder (ASD) and psychotic-affective spectrum disorders (schizophrenia) 
both involve problems with social interaction. He characterized ASD as exhibit-
ing an over-development and schizophrenia as exhibiting an under-development of 
what he called the “human-specific social brain phenotypes.” He and his colleagues 
supported their view with studies of how autism risk alleles affect manifestations 
of the disorder and through analysis of the literature. Developmental neurogen-
esis work and physiological and genetic studies of synaptic function in the mouse 
support Crespi’s hypothesis (Kaphzan et al. 2012; Heck and Lu 2012; Hoerder-
Suabedissen et al. 2013).

Another comparison between autism and schizophrenia can be made relative to 
the awareness of self or self-consciousness. Schizophrenia has been called a disorder 
of self which can take various forms and to varying degrees, but there is a general 
distortion of consciousness and lack of self presence (Sass and Parnas 2003). Autism 
can also be characterized by a lack of self-consciousness, but high-functioning au-
tism or people with Asperger syndrome may have or acquire self-consciousness 
through learning (Frith and Happe 1999). Memory tests by Toichi et al. (2002) also 
revealed deficits in the consciousness of self by people with autism. It is noteworthy 
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that many of the genes implicated in autism and schizophrenia are active only dur-
ing specific stages of the developing brain (Hoerder-Suabedissen et al. 2013), sug-
gesting the existence of critical periods for the normal development of conscious-
ness of self.

Self in people with autism is often compromised because memories are per-
sistent, not affected by emotion or discussed with others (Jordan 2008). Access 
to memories is not efficient and the memories are often not coherent. The proper 
handling of memory needs to be taught because otherwise it is difficult to ascribe 
particular memories as part of self. Because the autistic person can have obsessive 
chains of negative thoughts making him or her vulnerable to anxiety with depres-
sion being many times the result (Jordan 2008).

Raison et al. (2006) pointed out that stress (anxiety would certainly be a stress) 
can lead to inflammation in the nervous system associated with the pathogenesis of 
depression. In this situation, it becomes a difficult “chicken or the egg” question. 
These authors cite many studies which explore the association of inflammation and 
depression continuing through the adult life of the individual. Using brain tissue 
from the autopsies of 11 autistic patients, neuroinflammatory markers were found 
in the cerebellum and other areas by Vargas et al. (2004). The authors also point 
out that neuroglial reactions are manifested by immune responses, focused in the 
resulting chronic inflammatory condition of the cerebellum. The detected presence 
of antiinflammatory cytokines and proinflammatory chemokines support their con-
clusion that this condition is a characteristic of some autistic brains. They believe 
addressing these neuroglial conditions might be a viable therapy in some people 
with ASD.

We know that adverse neonatal experiences can alter brain development (Anand 
and Scalzo 2000). Brain inflammation is often hypothesized as a possible cause of 
several neurological disorders. Alzheimers is just one that is pointed out as a disease 
possibly resulting from brain inflammation. See the paper by Yao et al. (2004) as 
just one study in support of this concept.

One review of the literature (Angelidou et al. 2012) revealed a consensus that 
several genes exist which can make an embryo susceptible to autism, but environ-
ment is a big factor leading to the actual development of autism. A partially devel-
oped gut–blood–brain barrier would not protect against neurotoxins and stressors 
can cause autoimmune problems for the mother, which can make the embryo sus-
ceptible to the development of autism. Thus, stress can lead to brain inflammation, 
resulting in autism for embryos genetically predisposed to this disorder.

This view supports the earlier work of Pardo et al. (2005) who strongly suggest-
ed environmental factors and stressors could combine with genetic susceptibility in 
increasing the possibility an embryo would develop autism.

These two latter papers also emphasized the importance of the presence of an 
autoimmune condition and the role of auto-antibodies and neuroglia in the brain’s 
reaction to stress.

One argument has been presented in the literature, supported by several re-
searchers, that schizophrenia and some other autoimmune diseases, such as autism, 
could result from what has been termed the “leaky gut” in which neuropeptides of 
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food proteins escape the gut and get past the blood-brain barrier resulting in CNS 
dysfunction (Dohan 1988; Eaton et al. 2006). Of course, inflammation is part of the 
mechanism of this insult on the brain and resulting inflammation can come from 
many sources, both internal and external.

There is a wealth of epidemiological evidence that the environment might af-
fect the prevalence of ASD in certain geographical areas (Fombonne 2005, 2006). 
We have not addressed this here. However, the importance of the environment on 
the occurrence of autism is quite apparent from an extensive recent study by Suren 
and colleagues (Suren et al. 2013) of over 85,000 children. Those children whose 
mothers took folic acid around the time of conception had a distinctly lower risk of 
autistic disorder than those whose mothers did not. This and similar studies strongly 
suggest that more effort should be directed towards the study of environmental fac-
tors in ASD.

Experiments in animals, in particular in genetic mouse models of ASD, provide 
important clues as to possible neuronal pathways and mechanisms of interaction 
between the cerebellum and the cerebral prefrontal cortex and their involvement 
in autism. Tracing studies in primates have shown that the cerebellum projects (via 
the thalamus) to the prefrontal cortex (Middleton and Strick 2001). In turn, the pre-
frontal cortex projects back to the cerebellar areas from where prefrontal cortical 
projections originated, forming what might amount to parallel loops of cerebral–
cerebellar connections (Kelly and Strick 2003). While these anatomical connections 
clearly suggest targeted neuronal interactions between the two structures, how cer-
ebellar activity modulates prefrontal cortical activity and vice versa and how their 
interaction is related to behavior is poorly understood.

Recent experiments in mice have revealed a surprising new aspect of prefrontal 
cortical interaction with the cerebellum. When stimulating the cerebellar dentate 
nucleus in healthy mice, Mittleman and colleagues discovered an increase in do-
pamine release in the medial prefrontal cortex (Mittleman 2008). Dopamine is a 
neuromodulatory transmitter generated by cells in the substantia nigra and ventral 
tegmental area (VTA) and is most widely known for its importance in the fail-
ure and disinhibition of movement initiation in Parkinson’s and Huntington’s dis-
ease respectively (Graybiel et al. 1994). But dopamine is also strongly implicated 
in reward and pleasure seeking behavior, drug addiction and cognitive functions 
(Iversen et al. 2010). Abnormal function of the dopaminergic system has been im-
plicated in a variety of cognitive disorders including autism spectrum disorders and 
schizophrenia (Dichter et al. 2012a, b; Sesack and Carr 2002). Cerebellar controlled 
dopamine release in the mouse medial prefrontal cortex was mediated by two in-
dependent and equally contributing pathways, one involving the ventral tegmental 
area (VTA) which contains dopaminergic cells projecting to the prefrontal cortex, 
the other involving the thalamus (Rogers et al. 2011). Increased dopamine release 
via cerebellar activated thalamic projections involved stimulation of mesocortical 
dopaminergic terminals via appositional excitatory glutamatergic synapses (Del 
Arco and Mora 2005; Pinto et al. 2003). A recent study in a mouse model of fragile 
X syndrome, an autism spectrum disorder, showed a reorganization of the path-
ways involved in cerebellar modulation of mPFC dopamine release resulting in a 
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weakening of the VTA and a strengthening of the thalamic pathway via the ventro-
lateral nucleus (Rogers et al. 2013). Together with the known cerebellar deficits 
associated with autism (Courchesne 1997; Skoyles 2002; Webb et al. 2009; Fatemi 
et al. 2012) these findings suggest that a dysfunction of cerebellar dependent re-
ward circuits may play a role in at least some forms of autism. Consistent with this 
hypothesis are recent findings by Dichter and colleagues who used functional mag-
netic resonance imaging (fMRI) to compare reward circuit responses in autistic and 
control subjects and reported hypo-activation of reward circuit activity in autistic 
individuals (Dichter et al. 2012b). While more studies are needed to determine how 
strongly the cerebellum is involved in reward seeking tasks like those chosen by 
Dichter and colleagues, a role of the cerebellum in human cocaine-related behavior 
has already been demonstrated (Anderson et al. 2006). Together these studies sug-
gest that the cerebellum modulates prefrontal cortical activity via dopamine, thus 
contributing to a broad spectrum of sensorimotor and cognitive functions, espe-
cially behaviors involving reward seeking and positive reinforcement (Iversen et al. 
2010).

These dopamine mediated modulatory actions are unlikely to take place at the 
millisecond temporal resolution often associated with cerebellar coordination of 
movements (Braitenberg 1967; Welsh et al. 1995; Heck et al. 2007; Jacobson et al. 
2008; Yarom and Cohen 2002). Mittleman et al. reported that the time course of 
PFC dopamine release in response to cerebellar stimulation could span tens of sec-
onds (Mittleman et al. 2008). This suggests that the cerebellum can operate at much 
slower time scales, modulating PFC activity during slow complex processes, such 
as the analysis and interpretation of facial expressions, social contexts and theory 
of mind. Whether cerebellar modulation of PFC dopamine release does indeed 
serve any of these functions remains to be shown. But with the close association of 
cerebellar and PFC abnormalities with autism (Townsend et al. 2001; Carper and 
Courchesne 2000) it is at least an intriguing hypothesis yet to be tested, especially 
considering the accumulating evidence for a cerebellar role in cognition.

The above studies focused on the interaction between the cerebellum and the 
prefrontal cortex, which is an association cortical area not involved in motor con-
trol. But the most obvious clinical symptoms of cerebellar dysfunction are ataxic 
movements, balance and eye movement deficits. Motor deficits are common in 
ASD patients (Donnellan et al. 2013; Leary and Hill 1996) and at least some of 
those seem to be caused by cerebellar neuropathology (Takarae et al. 2004; Fatemi 
et al. 2012). Several studies in mouse models of single gene autism spectrum dis-
orders such as Angelman, fragile X syndrome and Smith-Magenis syndrome have 
documented motor deficits in the mutant mice (e.g. Roy et al. 2011, 2012; Heck 
et al. 2008, 2012). It is thus likely that cerebellar deficits associated with ASD con-
tribute to both, motor and cognitive deficits. Further complicating the issue from a 
translational perspective is the recent discovery suggesting that prefrontal cerebel-
lar interactions in rodents are involved in motor learning (Kalmbach et al. 2009). 
Whether the same holds true for humans remains to be determined.

This review is an overview of a variety of lines of research on the causes and 
neuronal mechanism of autism. We began by focusing on a possible link between 
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motor control and cognitive function. However, faced with the sheer variety of 
ASDs it soon became clear that attempts at generalizations were futile. We thought 
it more useful to investigate the breadths of the spectrum of possible causes cur-
rently explored. We mostly covered neuronal aspects of ASD. The most extensive 
research efforts are currently directed towards genetic causes of autism, extensively 
reviewed elsewhere (Folstein and Rosen-Sheidley 2001; Veenstra-Vanderweele and 
Cook 2004; Miles 2011; Carter and Scherer 2013).

From what we have seen, inflammation plays a role in many of the theories, 
either in a primary or secondary manner. And, genetics provides the background for 
susceptibility. Given the overall knowledge thus far in the literature, we think that 
any conjecture as to the pathogenesis or description of ASD should consider both, 
inflammation and genetics.

Our review is far from comprehensive. Not covered here but adding to the puz-
zling variety of relevant clues are studies linking autism to, for example, autoim-
mune disorder (Brimberg et al. 2013), some forms of epilepsy (Sansa et al. 2011) 
or prenatal exposure to bisphenol A, a common compound found in plastic food 
and drink containers (Wolstenholme et al. 2013). It is clear that no single line of 
investigation will lead to a comprehensive understanding of the etiology of autism. 
Autism research now faces the considerable challenge of integrating large amounts 
of diverse data (Williams 2009). Qualitatively new insights will most likely arise 
from integrative approaches considering interactions between prominent variables.

Based on our limited review of the literature, there are several other opportuni-
ties in the study of autism that cry out for attention:

1. Much can be learned about schizophrenia and autism from constant comparisons 
in the studies of the two conditions. Following Bernard Crespi’s lead, studies of 
everything from genomics to perception in people who have one of these condi-
tions will enhance our understanding of both.

2. We know that much of the proper development of the brain depends on the mech-
anisms involved in selective pruning of nerve cells and collaterals. We need to 
know more about neurological pruning overall and specifically about its role in 
cognitive brain function.

3. The communication systems between the prefrontal cortex and the cerebellum 
have been studied to some extent, but we are still far from understanding how 
these systems operate in the normal brain, which is likely a prerequisite to under-
standing its dysfunction in autism.

4. As we continue to explore the human genome our appreciation of its complexity 
grows and this will provide new avenues to try to understand autism. For ex-
ample, we know that the retrogene GLUD2 is derived from glutamate dehydro-
genase. This agent is responsible for clearing the by-products of neuron activity 
from the system (Burki and Kaessmann 2004). The possible excessive buildup 
of by-products from the overpopulation of nerve cells of the prefrontal cortex 
of autism patients may be one of many factors contributing to the ill effects of 
autism. Or does some other gene compensate?

5. There is a special opportunity in the study of autism to learn much more about the 
basic nature of human intelligence.
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Abstract The exact cause of autism is not known but the role of genetic and 
environmental factors as well as oxidative stress have been suggested in autism. 
Accumulating evidence also suggests defects in mitochondrial electron transport 
chain complexes in the individuals with autism, which may also lead to abnormal 
energy metabolism and increased oxidative stress. Several studies have reported 
increased oxidative damage as evident by increased lipid peroxidation, protein and 
DNA oxidation as well as decreased antioxidant status (enzymatic and non-enzy-
matic) indicated by glutathione—redox imbalance and decreased activities of antiox-
idant enzymes in the blood, urine and brain tissues of subjects with autism. Here, we 
review the evidence of oxidative stress, mitochondrial dysfunction and the genetic 
variations of enzymes that can increase vulnerability to oxidative stress in autism.

Keywords Antioxidants · Autism · Glutathione · Mitochondrial dysfunction · Oxi-
dative stress

Autism spectrum disorders (ASDs) are behaviorally defined neurodevelopmental 
disorders that are characterized by impairment in social interactions, verbal and 
nonverbal skills, and restricted, repetitive and stereotyped patterns of behavior 
(Lord et al. 2000). ASDs include autism, Asperger syndrome and Pervasive devel-
opmental disorder-not otherwise specified. The symptoms of ASDs are typically 
present before the age of 3 years which can be regressive or non-regressive. In 
non-regressive autism, children do not adopt the normal social and language de-
velopment. On the other hand, children with regressive autism first show normal 
social and language development, but lose these developmental skills at 15–24 
months (Ozonoff et al. 2005). Last few decades have experienced a rapid increase 
in the number of ASD cases. Recently, the Centers of Disease Control and Pre-
vention reported the prevalence of ASD to be 1 in 68 children in United States 
(Wingate et al. 2014). This increase cannot be completely attributed to an increased 
awareness or to changes in diagnosis criteria of autism. While the cause of autism 
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remains elusive, it is considered a multifactorial disorder that is influenced by en-
vironmental and genetic factors. Multiple lines of evidence suggest high preva-
lence of oxidative stress and mitochondrial dysfunction in the subjects with autism 
(Chauhan and Chauhan 2006; Kern and Jones 2006; Deth et al. 2008; Chauhan et al. 
2009a, 2012b; Rossignol and Frye 2012a, b).

20.1  Oxidative Stress

There is oxidative stress when the generation of free radicals i.e., reactive oxygen 
species (ROS) overpowers the antioxidant defense capacity of the cell. The brain 
is highly vulnerable to oxidative stress due to its limited antioxidant capacity, high 
energy requirement and high amounts of polyunsaturated lipids and iron (Juurlink 
and Paterson 1998). Oxidative stress can occur due to increased production of free 
radicals originating from endogenous or exogenous sources, decreased antioxidant 
defense or both. In most cases, endogenous source of increased ROS is damaged 
or unhealthy mitochondria (Fig. 20.1). The mitochondrial respiratory chain, also 
known as the electron transport chain (ETC), consisting of five enzymes, i.e., com-
plexes I–V, is responsible for the generation of energy in the form of ATP (Szew-
czyk and Wojtczak 2002; Bertram et al. 2006). ETC complexes I–IV generate a 
proton gradient, i.e., mitochondrial membrane potential (MMP), which is needed by 
complex V (ATP synthase) for ATP production. The mitochondrial dysfunction re-
sults in increased generation of free radicals, i.e., ROS and reactive nitrogen species 
(RNS), and also to oxidative stress and apoptosis (Cadenas and Davies 2000; Lenaz 
2001; Brookes et al. 2002; Polster and Fiskum 2004). While oxidative phosphoryla-
tion in the mitochondria generates superoxide anions, enzymatic oxidation of bio-
genic amines by monoamine oxidase (MAO) in the outer mitochondrial membrane 
produces hydrogen peroxide (H2O2).

Mitochondrial ETC complexes I and III are the main sites of production of 
superoxide radical by mitochondria (Barja 1999; Muller et al. 2004). The leaked 
electron reduces molecular oxygen to superoxide anion, which is an initial step 
for subsequent production of other ROS. Superoxide anion can be converted to 
H2O2 by superoxide dismutase (SOD). Alternatively, H2O2 can also be produced by 
the actions of xanthine oxidase (XO), MAO or nicotinamide adenine dinucleotide 
phosphate (NADPH)-oxidase (Granger 1988; Dupuy et al. 1991). It can get further 
converted to highly reactive hydroxyl radicals, which requires a two step reaction 
(Fig. 20.1). In the first step (I), superoxide gives rise to molecular oxygen by Haber-
Weiss reaction where Fe3+ is converted to Fe2+. In the second step (II), Fe2+ converts 
H2O2 to hydroxyl radical by Fenton reaction. In the reaction catalyzed by myelo-
peroxidase (MPO), H2O2 can also react with chlorides to form hydrochlorous acid 
(HOCl), which can either get converted to singlet oxygen, or to hydroxyl radicals by 
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reacting with Fe2+ or superoxide. In addition, superoxide can also react with nitric 
oxide (NO) resulting in the formation of peroxynitrite (ONOO·).

There is substantial evidence suggesting that environmental factors can increase 
vulnerability to oxidative stress, and may lead to clinical phenotype in autism. Our 
previous reviews have discussed the role of endogenous and exogenous environ-
mental pro-oxidants such as NO, XO, homocysteine, heavy metals (mercury, lead), 
maternal prescription drugs (thalidomide and valproic acid), air pollutants, chemi-
cals and toxins, pathologenic bacteria and viral infections that can lead to oxidative 
stress in autism (Chauhan and Chauhan 2006; Chauhan et al. 2009a).

It is widely accepted that an excess of ROS is toxic and damages essential cell 
components such as nucleic acids, proteins and lipids, leading to cell death. ROS 
can lead to oxidation of amino acid side chains, formation of protein-protein cross-
linkages, and oxidation of the protein backbone resulting in protein fragmentation. 
Although all DNA bases are susceptible to damage, guanine is most prone to ROS-
mediated oxidation of DNA and is therefore a primary target of oxidative modi-
fication (Cadet et al. 2002). Brain is a rich source of polyunsaturated fatty acids, 
which are easy targets of oxidation. The most common oxidative markers of protein 
oxidation are protein carbonyls and protein nitrates. The common markers of lipid 
peroxidation by free radicals are malonyldialdehyde (MDA), 4-hydroxynonenal 
(HNE), and F2-isoprostanes. The nucleic acid oxidation products that are frequently 
used for measurement of oxidative stress are: 8-hydroxy deoxyguanosine for DNA, 
and 8-hydroxyguanosine for RNA.

20.2  Antioxidant Defense

Antioxidants can be enzymatic or non-enzymatic in nature. As shown in Fig. 20.1, 
major enzymes that participate in anti-oxidant activity include SOD, catalase and 
glutathione peroxidase (GPx).Non-enzymatic antioxidants include redox proteins 
such as thioredoxins, peroxiredoxins, and glutaredoxins (Birben et al. 2012), and 
low molecular weight compounds such as glutathione (GSH), vitamin C, vitamin E 
and beta-carotene. Among these antioxidants, GSH is a major endogenous antioxi-
dant that protects cells from endogenous and exogenous toxins, particularly in the 
central nervous system.

20.3  Oxidative Stress in Autism

Oxidative stress in autism can be caused by increased ROS generation, de-
creased anti-oxidant defense (enzymatic or non-enzymatic), and mitochondrial dys-
function.
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20.3.1  Increased ROS-Mediated Oxidative Damage in Autism

It has been suggested that increased vulnerability to oxidative stress by endog-
enous or environmental pro-oxidants in conjunction with genetic susceptibility 
factors may contribute to the development and clinical manifestations of autism 
(Chauhan and Chauhan 2006; Kern and Jones 2006; Deth et al. 2008; Chauhan 
et al. 2009a). In support of this hypothesis, there are numerous reports indicating 
increase in markers of lipid peroxidation, protein oxidation, and DNA oxidation, 
and reduced antioxidant status in blood and urine samples and in the post-mortem 
brain tissue samples from subjects with autism compared with age-matched control 
subjects.

We reported increased levels of MDA, a marker of lipid peroxidation, in the 
plasma of children with autism compared to their typically developing siblings 

Fig. 20.1  Mechanism of generation of reactive oxygen species and oxidative stress. Leaked 
electrons from mitochondrial ETC complexes I and III react with molecular oxygen to produce 
superoxide (first free radical). The superoxide is then converted to hydrogen peroxide (H2O2) 
by superoxide dismutase (SOD). Superoxide can also react with nitric oxide (NO) to form per-
oxynitrite (ONOO•), and it can also contribute to the formation of hydroxyl (OH•) radical through 
Haber-Weiss and Fenton reactions. On the other hand, antioxidant enzymes (catalase and glutathi-
one peroxidase, GPx) can convert H2O2 to H2O. Glutathione (GSH) is a major antioxidant, which 
is converted to its oxidized form (GSSG) by GPx. A highly potent free radical, OH• oxidizes 
lipids, proteins and nucleic acids. Myeloperoxidase (MPO) can also convert H2O2 in the presence 
of chloride to hypochlorous acid (HOCl), which can react with Fe2+ and superoxide to form OH•. 
HOCl can also get converted to singlet oxygen.
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(Chauhan et al. 2004), and also increased lipid peroxidation (Muthaiyah et al. 2009; 
Chauhan et al. 2011b), DNA oxidation (Chauhan et al. 2011a), and protein oxida-
tion (Chauhan et al. 2010) in the cerebellum and frontal and temporal regions of 
the brain in the subjects with autism as compared to age-matched control subjects. 
Oxidative stress in autism is brain-region specific because increased lipid peroxida-
tion, DNA and protein oxidation were not observed in parietal and occipital corti-
ces of autistic subjects compared with age-matched control subjects (Muthaiyah 
et al. 2009; Chauhan et al. 2011b; Chauhan et al. 2011a; Chauhan et al. 2010). 
Other studies have also indicated increased levels of lipid peroxidation and pro-
tein oxidation markers in autism, i.e., increased thiobarbituric acid (TBA)–reactive 
substances in the erythrocytes of autism subjects (Zoroglu et al. 2004); increased 
excretion of F2-isoprostane, and 8-OH deoxyguanosine in the urine of children 
with autism (Ming et al. 2005); increased levels of lipid-derived oxidative protein 
modification, i.e., carboxyethyl pyrrole and iso 4-levuglandin E2-protein adducts, 
in the brain, primarily in the white matter of autistic subjects (Evans et al. 2008); 
increased levels of 3-nitrotyrosine (a specific marker for oxidative damage of pro-
tein) and 8-OH deoxyguanosine in the cerebellum and temporal cortex of autistic 
subjects (Sajdel-Sulkowska et al. 2009; Rose et al. 2012a). The density of lipofus-
cin, a matrix of oxidized lipid and cross-linked protein, was also observed to be 
greater in the cortical brain areas involved in social behavior and communication in 
autism (Lopez-Hurtado and Prieto 2008). Recently, Pecorelli et al. (2013) reported 
increased levels of HNE in the erythrocytes and plasma of children with autism as 
compared to controls.

20.3.2  Glutathione Redox Imbalance in Autism

Glutathione is the most important endogenous antioxidant for detoxification and 
elimination of environmental toxins and free radicals. Several studies have reported 
lower levels of reduced glutathione (GSH), higher levels of oxidized glutathione 
(GSSG), and a lower redox ratio of GSH/GSSG in the plasma of individuals with 
autism (James et al. 2004, 2006; Al-Gadani et al. 2009; Geier et al. 2009; Berto-
glio et al. 2010; Adams et al. 2011a, b). Al-Yafee et al. (2011) also reported reduced 
levels of GSH, GSH/GSSG, and increased levels of thioredoxins and thioredoxine 
reductase in the plasma of children with autism as compared to controls. In a sys-
temic review and metanalysis of oxidative stress-related markers in autism, Frustaci 
et al. (2012) reported that ASD subjects had reduced levels of GSH, GPx, methio-
nine and cysteine by 27, 18, 13 and 14 % respectively, and increased concentration 
of GSSG by 45 % in the blood. Pecorelli et al. (2013) observed decreased levels of 
GSH in the erythrocytes in the subjects with autism as compared to control subjects. 
Other studies have also demonstrated decreased ratio of GSH/GSSG in the lympho-
blastoid and primary immune cells from autistic subjects (James et al. 2009; Rose 
et al. 2012b).

AQ1

AQ2
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We have reported brain-region specific glutathione redox imbalance in autism 
(Chauhan et al. 2012a). Reduced levels of GSH, increased levels of GSSG, and a 
decrease in the ratio of GSH/GSSG were observed in the cerebellum and temporal 
cortex of autistic subjects compared with age-matched control subjects (Chauhan 
et al. 2012a). GSH levels were significantly decreased by 34.2 and 44.6 %, with 
a concomitant increase in the levels of GSSG by 38.2 and 45.5 %, respectively in 
these brain tissues in autism, as compared to the control group. There was also a sig-
nificant decrease in the levels of total GSH (tGSH) by 32.9 % in the cerebellum, and 
by 43.1 % in the temporal cortex of subjects with autism. The redox ratio of GSH 
to GSSG was significantly decreased by 52.8 % in the cerebellum and by 60.8 % in 
the temporal cortex of subjects with autism, suggesting glutathione redox imbal-
ance in the brain of individuals with autism (Chauhan et al. 2012a). Such altera-
tions in glutathione levels were not observed in the parietal and occipital cortices 
of subjects with autism as compared to age-matched control subjects. Our findings 
on decreased GSH levels in the cerebellum of subjects with autism as compared to 
age-matched controls have been confirmed by Rose et al. (2012a).

Recently, we also reported impaired activities of glutathione-related enzymes 
involved in the antioxidant defense, detoxification, GSH regeneration and synthe-
sis of glutathione in the cerebellum of subjects with autism as compared to age-
matched controls (Gu et al. 2013a). There was significant reduction in the activities 
of glutamate cysteine ligase (GCL)—a rate limiting enzyme for GSH synthesis, 
glutathione S-transferase (GST)—an antioxidant detoxification enzyme, as well as 
GPx activity in the cerebellum of the subjects with autism as compared to age-
matched controls (Gu et al. 2013a).

20.3.3  Relationship Between Homocysteine, Methionine 
and Oxidative Stress in Autism

Methionine is a main amino acid in the metabolism of glutathione. Several reports 
have suggested aberrant metabolism of the methionine cycle in autism. Ali et al. 
(2011) reported hyperhomocysteinemia, an indicator of impaired folate-dependent 
methionine metabolism, and increased oxidative stress in a case-control study of 
Omani children with autism. Hyperhomocysteinemia can cause oxidative stress via 
a number of mechanisms such as auto-oxidation of homocysteine to form ROS 
(Heinecke et al. 1987), increased lipid peroxidation (Jones et al. 1994), and reduced 
production of GPx (Upchurch et al. 1997). Pasca et al. (2006) reported higher levels 
of total homocysteine in the plasma of autistic children compared to control sub-
jects. In the autistic group, a strong negative correlation was observed between ho-
mocysteine levels and GPx activity, suggesting an association between high levels 
of homocysteine and oxidative stress in autism. A clinical study has reported lower 
concentrations of methionine, cystathionine and cysteine as well as a decreased 
ratio of S-adenosylmethionine (SAM)/S-adenosinehomocysteine (SAH), an indica-
tor of decreased methylation capacity in the plasma of children with autism (James 
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et al. 2004). According to the “redox/methylation hypothesis of autism” proposed 
by Deth et al. (2008), oxidative stress initiated by environmental factors in geneti-
cally vulnerable individuals can lead to impaired methylation and neurological defi-
cits. Interestingly, the parents of autistic children shared similar metabolic deficits 
in methylation capacity and GSH-dependent antioxidant/ detoxification capacity, as 
observed in autistic children (James et al. 2008).

20.3.4  Decreased Activities of Antioxidant Enzymes in Autism

Not only the generation of ROS is increased in autism, the activities of antioxidant 
enzymes are also decreased, thus resulting in oxidative stress in autism. Decreased 
activity of GPx in erythrocytes and plasma (Yorbik et al. 2002; Pasca et al. 2006), 
and decreased activities of catalase (Zoroglu et al. 2004) and SOD (Yorbik et al. 
2002) in erythrocytes have been reported in autism. We also reported increased 
oxidative damage and free radical generation, coupled with reduced activities of 
antioxidant enzymes, in lymphoblastoid cells from autistic subjects compared with 
age-matched control subjects (Essa et al. 2009). In the cerebellum, we recently re-
ported significantly reduced activity of GPx in autism as compared to age-matched 
control group (Gu et al. 2013a). In a study of Egyptian children, oxidative stress was 
found in 88.6 % of autistic children, as revealed by elevated plasma F2-isoprostane 
and/or reduced GPx levels (Mostafa et al. 2010). In Saudi children with autism, 
decreased GSH levels and SOD activity were observed in erythrocytes (Al-Gadani 
et al. 2009). Meguid et al. (2011) reported lower levels of SOD and GPx, and in-
creased lipid peroxidation in the blood samples from autistic children as compared 
with control subjects. Parellada et al. (2012) reported reduced levels of antioxidant 
status including non-enzymatic antioxidants (GSH and homocysteine) and antioxi-
dant enzymes (catalase, SOD, GPX) in the blood of subjects with Asperger syn-
drome. Recently, meta-analysis of antioxidant enzymes in autism were completed 
by two groups (Frustaci et al. 2012; Main et al. 2012), which showed that GPx 
activity in erythrocytes was significantly lower in subjects with ASD than that in 
controls, while the activity of SOD in blood failed to demonstrate any significant 
association with autism.

20.3.5  Metals and Autism

Trace metals (such as copper and iron) and heavy metals (such as lead, cadmium 
and mercury) are known to induce oxidative stress. Adams et al. (2013) reported 
higher levels of lead in erythrocytes, and higher urinary levels of lead, thallium, tin 
and tungsten in the children with autism, which strongly correlated with severity of 
autism. In the hair samples of subjects with autism, Al-Farsi et al. (2013) reported 
higher levels of heavy metals ranging from 150 to 365 % of controls.
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Copper and iron play important roles in the redox metabolism, and act as pro-
oxidants. Their levels are regulated by two transporting proteins: ceruloplasmin (a 
copper-transporting protein) and transferrin (an iron-transporting protein). Both of 
these proteins are antioxidant proteins that are synthesized in several tissues, in-
cluding brain (Arnaud et al. 1988; Loeffler et al. 1995). Ceruloplasmin inhibits the 
peroxidation of membrane lipids catalyzed by metal ions, such as iron and copper 
(Gutteridge 1983). We reported reduced levels of ceruloplasmin and transferrin in 
the blood of children with autism as compared to their developmentally normal 
siblings (Chauhan et al. 2004). Most importantly, the levels of ceruloplasmin and 
transferrin were significantly reduced in children with regressive autism who had 
lost previously acquired language skills (Chauhan et al. 2004).

Faber et al (2009) reported that plasma Zn/Cu ratio of 0.608 in children with 
autism was below the 0.7 % cut-off of the lowest 2.5 % of healthy children. Zinc de-
ficiency, copper toxicity and low Zn/Cu in children with ASDs may indicate altered 
functioning of metallothionein system. Other preliminary studies have also sug-
gested altered serum Cu/Zn ratios in autism (McGinnis 2004). In other study, Russo 
and Devito (2011) reported higher levels of Cu and lower levels of Zn in the plasma 
of subjects with autism as compared with controls, and that zinc therapy could de-
crease the plasma levels of copper indicating an association between plasma copper 
levels and autism. Similarly, Lakshmi and Geetha (2011) reported increased levels 
of copper in the hair and nails of children with autism. In a recent study, Percorelli 
et al. (2013) observed increased levels of non-protein bound iron in the erythrocytes 
and plasma of children with autism as compared with controls.

20.3.6  Xanthine Oxidase (XO) and NO (pro-oxidants) in Autism

XO and NO have been implicated in the etiology of autism. XO is an endogenous 
pro-oxidant enzyme that is involved in the production of superoxide radicals during 
conversion of xanthine to uric acid (Kellogg and Fridovich 1975). Increased XO 
activity has been reported in the erythrocytes of autistic subjects (Zoroglu et al. 
2004).

NO is synthesized from L-arginine by nitric oxide synthase (NOS). NO is an-
other toxic free radical that can react with superoxide anion and generate cytotoxic 
peroxynitrite anions (ONOO·) (Fig. 20.1). NO is known to affect the development 
and function of the central nervous system. NO has been implicated in neurotrans-
mitter release (Lonart et al. 1992), neurite growth (Hindley et al. 1997), synap-
togenesis (Truman et al. 1996), memory and learning (Holscher and Rose 1992), 
and macrophage-mediated cytotoxicity (Hibbs et al. 1988). Sogut et al. (2003) re-
ported increased NO levels in the RBCs of autistic subjects, and suggested that 
NOS may be activated in autism. Elevated levels of NO have also been reported 
in the plasma of autistic subjects (Zoroglu et al. 2003; Sweeten et al. 2004; Tostes 
et al. 2012).
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20.4  Genetic Variations of Enzymes Involved in Oxidative 
Stress in Autism

Recent evidence suggests association of gene mutations/deletions, copy number 
variations, and other genetic abnormalities with autism (Sutcliffe 2008). Some of 
the genetic variations can also increase vulnerability to oxidative stress in autism, 
and are discussed in the following sections:

20.4.1  Nitric Oxide Synthase

Fatemi et al (2000) reported that prenatal viral infection affects brain development 
via pathological involvement of neuronal NOS (nNOS) expression. Genotyping of 
single-nucleotide polymorphisms (SNPs) in the NOS-I gene and NOS-IIA gene, 
and haplotype analysis in 151 Korean ASD trios showed significant evidence for an 
association between NOS-IIA and ASD (Kim et al. 2009).

20.4.2  Glyoxalase 1

Glyoxalase 1 (Glo 1) has a critical role in the detoxification of dicarboxylic com-
pounds, thereby reducing the formation of advanced glycation end products.Glo 
1 uses GSH as a cofactor to detoxify cytotoxic 2-oxoaldehydes, such as methyl-
glyoxal, which are produced by lipid peroxidation, glycation, and degradation of 
glycolytic intermediates (Thornalley 2003). While two studies reported a SNP in 
Glo 1 in autism (Junaid et al. 2004, Sacco et al. 2007), other studies did not find an 
association between Glo 1 gene and autism (Rehnstrom et al. 2008; Wu et al. 2008). 
However, in a recent review, the role of Glo 1 and methylglyoxal in behavior has 
been described (Distler and Palmer 2012).

20.4.3  Monoamine Oxidase A (MAOA)

This enzyme catalyzes the oxidation of endogenous amine-containing neurotrans-
mitters such as serotonin and norepinephrine (Fitzpatrick 2010). The role of MAOA 
in autism is of particular interest because this enzyme affects the levels of serotonin, 
which are known to be abnormal in some individuals with autism (Hranilovic et al. 
2007). An association of the 3-repeat MAOA and a 30-base pair (bp) repeat poly-
morphism (uVNTR) allele (low activity) with increased severity of autism has been 
reported (Cohen et al. 2003; Roohi et al. 2009; Cohen et al. 2011). Yoo et al. (2009) 
also reported preferential transmission of the 3-repeat allele of a MAOA-uVNTR 
marker in ASDs in a Korean population. Davis et al. (2008) reported an association 
between MAOA-uVNTR polymorphism and brain growth in autism. Their magnetic 
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resonance imaging (MRI) studies showed an increase in the volume of white matter 
in the brains of children with autism who had the low-activity, 3-repeat allele com-
pared to those with a high-activity, 4-repeat allele. In a case-control study, Tassone 
et al. (2011) reported that male children carrying 4 tandem repeats in the promoter 
region of MAOA gene had a two-fold higher risk of autism. In a recent study, MAO 
A and MAO A/B knockout mice showed behavioral abnormalities such as social and 
communication impairments, perseverative and stereotypical responses, and behav-
ioral inflexibility similar to those observed in ASDs (Bortolato et al. 2013).

20.4.4  Cyclooxygenase (COX)

This enzyme is responsible for the formation of important biological mediators 
called prostanoids, including prostaglandins, protacyclin, and thromboxane. During 
inflammation, COX-2 is rapidly induced by growth factors, cytokines, and inflam-
matory molecules. Recently, Asadabadi et al. (2013) reported that combination of 
risperidone (antipsychotic drug) and celecoxib (COX-2 inhibitor) was better than 
only risperidone in treating irritability, social withdrawal and stereotyped behavior 
of children with autism. Yoo et al. (2008) examined the relationship between ASDs 
and polymorphism of PTGS2 (the gene encoding COX-2) in 151 Korean family 
trios including children with autism. They reported a significant association of one 
intronic SNP (OS2745557) and the GAAA haplotypes with ASDs.

20.4.5  Genes Involved in Glutathione Homeostasis

Polymorphism of genes related to glutathione metabolism has been reported in au-
tism (James et al. 2006; Williams et al. 2007; Ming et al. 2010; Bowers et al. 2011). 
Wiliams et al. (2007) reported increased risk of autistic disorder in the children 
of mothers having glutathione S-transferase P1 haplotype. An association between 
polyalanine repeat polymorphism in GPx gene (GPx-1) and autism has been ob-
served (Ming et al. 2010). Bowers et al. (2011) examined genetic variations in 42 
genes related to GSH metabolism in autism samples obtained from Autism Genetic 
Resources Exchange (AGRE), and reported 308 SNPs in 318 families. Their analy-
sis showed significant association between cystathione gamma lyase, glutaredoxin, 
glutaredoxin 3 and autism (Bowers et al. 2011).

20.4.6  Genes Involved in Folate Metabolism

Folate plays an important role in the metabolism of neurotransmitters, and the syn-
thesis of methionine and thymine. The role of the folate gene polymorphism has 
also been suggested in autism. Adams et al. (2007) reported that the 19-bp deletion 



41720 Increased Vulnerability to Oxidative Stress and Mitochondrial Dysfunction …

polymorphism of dihydrofolate reductase is a significant risk factor in autism. James 
et al. (2006) reported differences in allele frequency and/or significant gene-gene 
interactions for genes encoding the reduced folate carrier and methylene tetrahy-
drofolate reductase (MTHFR). In other studies, MTHFR C677T was suggested as a 
risk factor for autism (Mohammad et al. 2009; Guo et al. 2012). Recently, Schmidt 
et al. (2012) reported association of maternal periconceptional folic acid intake with 
reduced ASD risk, which was strongest for mothers and children with MTHFR 
C677T variant genotype. Folate deficiency can increase oxidative stress by increas-
ing the levels of homocysteine. Ali et al. (2011) observed decreased levels of folate 
and increased levels of homocysteine in the serum of Omani children with autism. 
Kaluzna-Czaplinska et al. (2011) reported increased urinary excretion of homocys-
teine in children with autism, thus suggesting a deficiency of folate in blood.

20.5  Role of Mitochondria in Free Radical Generation, 
and Mitochondrial Dysfunction (MD) in Autism

Free radicals are generated endogenously during oxidative metabolism and energy 
production by mitochondria in the cell (Cadenas and Davies 2000; Lenaz 2001). In 
a recent meta-analysis of data in the literature, Rossignol and Frye (2012b) report-
ed the strongest evidence for immune dysregulation/inflammation and oxidative 
stress, followed by toxicant exposures and mitochondrial dysfunction in autism. 
Several studies with blood, muscle biopsy, and postmortem brain tissue samples 
have suggested mitochondrial dysfunction in a subset of individuals with autism 
(Gargus 2008; Haas 2010; Palmieri and Persico 2010; Chauhan et al. 2011b, 2012b; 
Gu et al. 2013b; Rossignol and Frye 2012a, b). The review of previous reports 
and meta-analysis conducted by Rossignol and Frye (2012a) suggested deficiencies 
of mitochondrial ETC complexes I, III, V, IV, and II in 53, 30, 23, 20 and 9 % of 
children with ASD and concomitant MD, respectively. Multiple complex deficien-
cies were reported in 36 % of the children with ASD/MD. In the lymphoblastoid 
cells from autistic subjects, we reported reduced mitochondrial membrane poten-
tial (MMP) and increased free radical generation (Chauhan et al. 2009b). Recently, 
we also reported brain region–specific changes in the levels of mitochondrial ETC 
complexes in the subjects with autism (Chauhan et al. 2011b). In autistic children 
(4–10 years of age), we observed significantly lower levels of complexes III and V 
in the cerebellum, of complex I in the frontal cortex, and of complexes II, III, and V 
in the temporal cortex as compared to age-matched control subjects. In the cerebel-
lum and temporal cortex, no overlap was observed in the levels of these complexes 
between autism and control subjects. In the frontal cortex, decreased levels of ETC 
complexes were observed in 60 % of autism cases for complexes I, II and V, and in 
40 % autism cases for complexes II and IV (Chauhan et al. 2011b).

We also recently reported alterations in the activities of mitochondrial ETC com-
plexes and mitochondrial DNA copy number in the frontal cortex of subjects with 
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autism (Gu et al. 2013b). The activities of complexes I, V and pyruvate dehydro-
genase (PDH) in the mitochondria were most affected in autism being significantly 
reduced by 31, 36 and 35 %, respectively. When 99 % confidence interval (CI) of 
control group was taken as a reference range, impaired activities of complexes I, 
III and V were observed in 43, 29 and 43 % of autistic subjects, respectively. All 
of five ETC complexes showed reduced activities in 14 % of autistic cases, and 
the activities of multiple complexes were decreased in 29 % of autistic subjects. 
These results suggest that defects in complexes I and III (sites of mitochondrial free 
radical generation) and complex V (ATP synthase) are more prevalent in autism. 
PDH activity was also reduced in 57 % of autistic subjects. The ratios of mtDNA of 
three mitochondrial genes ND1, ND4 and CytB (that encode for subunits of com-
plexes I and III) to nuclear DNA were significantly increased in autism, suggesting 
a higher mtDNA copy number in autism. Furthermore, ND4 and Cyt B deletions 
were observed in 44 and 33 % of autistic subjects, respectively. Our studies sug-
gest that autism is associated with mitochondrial dysfunction in the brain (Chau-
han et al. 2011b; Gu et al. 2013b). Recently, Anitha et al. (2013) reported reduced 
expression of several ETC genes in the brain of subjects with autism compared to 
controls. Brain region-specific expression of eleven genes of complex I, five genes 
each from complex III and complex IV, and seven genes of complex V were re-
duced in autism. Tang et al. (2013) also reported that mitochondrial function and 
intracellular redox status are compromised in pyramidal neurons in brains of ASD 
subjects, and that mitochondrial dysfunction occurs during early childhood when 
ASD symptoms appear.

20.6  Summary

There has been a rapid increase in the number of autism spectrum cases, which 
could be attributed, in part, to the combined effect of environmental factors with 
an inter-play with genetic factors. Multiple lines of evidence suggest that oxidative 
stress may be a common link between interactions of environmental factors and 
genetic factors. It is not clear whether oxidative stress is the cause or an effect of 
autism but several reports indicate oxidative stress in individuals with ASD as evi-
dent from increased levels of markers of oxidative stress and decreased antioxidant 
capacity in blood, urine and postmortem brain samples of subjects with autism. In 
addition, mitochondrial abnormalities may also contribute to increased oxidative 
stress in autism. Potential mechanism on the involvement of oxidative stress in 
autism is shown in Fig. 20.2.



41920 Increased Vulnerability to Oxidative Stress and Mitochondrial Dysfunction …

References

Adams M, Lucock M, Stuart J, Fardell S, Baker K, Ng X (2007) Preliminary evidence for involve-
ment of the folate gene polymorphism 19 bp deletion-DHFR in occurrence of autism. Neurosci 
Lett 422:24–29

Adams JB, Audhya T, McDonough-Means S, Rubin RA, Quig D, Geis E, Gehn E, Loresto M, 
Mitchell J, Atwood S, Barnhouse S, Lee W (2011a) Nutritional and metabolic status of children 
with autism vs. neurotypical children, and the association with autism severity. Nutr Metab 
(Lond) 8:34–66

Adams JB, Audhya T, McDonough-Means S, Rubin RA, Quig D, Geis E, Gehn E, Loresto M, 
Mitchell J, Atwood S, Barnhouse S, Lee W (2011b) Effect of a vitamin/mineral supplement on 
children and adults with autism. BMC Pediatrics 11:111–131

Adams JB, Audhya T, McDonough-Means S, Rubin RA, Quig D, Geis E, Gehn E, Loresto M, 
Mitchell J, Atwood S, Barnhouse S, Lee W (2013) Toxicological status of children with autism 
vs. neurotypical children and the association with autism severity. Biol Trace Elem Res 151: 
171–180

Al-Farsi YM, Waly MI, Al-Sharbati MM, Al-Shafaee MA, Al-Farsi OA, Al-Khaduri MM, Gupta 
I, Ouhtit A, Al-Adawi S, Al-Said MF, Deth RC (2013) Levels of heavy metals and essential 

Fig. 20.2  Potential model depicting the role of oxidative stress and mitochondrial dysfunction 
in autism. It is not clear whether oxidative stress is the cause or an effect of autism. Neverthe-
less, increase in pro-oxidants, decrease in antioxidant defense, and mitochondria dysfunction will 
increase the production of ROS, which in turn will react with proteins, DNA and lipids resulting in 
oxidative damage, which are common abnormalities observed in individuals with autism. Alterna-
tively, autism may lead to damaged mitochondria which may trigger ROS generation and oxidative 
stress, leading to clinical features seen in autism.

 



420 A. Chauhan and V. Chauhan

minerals in hair samples of children with autism in Oman: a case-control study. Biol Trace 
Elem Res 151:181–186

Al-Gadani Y, El-Ansary A, Attas O, Al-Ayadhi L (2009) Metabolic biomarkers related to oxidative 
stress and antioxidant status in Saudi autistic children. Clin Biochem 42:1032–1040

Al-Yafee YA, Al-Ayadhi LY, Haq SH, El-Ansary AK (2011) Novel metabolic biomarkers related 
to sulfur-dependent detoxification pathways in autistic patients of Saudi Arabia. BMC Neurol 
11:139

Ali A, Waly MI, Al-Farsi YM, Essa MM, Al-Sharbati MM, Deth RC (2011) Hyperhomocystein-
emia among Omani autistic children: a case-control study. Acta Biochimica Polonica 58:547–
551

Anitha A, Nakamura K, Thanseem I, Matsuzaki H, Miyachi T, Tsujii M, Iwata Y, Suzuki K, Sugi-
yama T, Mori N (2013) Downregulation of the expression of mitochondrial electron transport 
complex genes in autism brains. Brain Pathol 23:294–302

Arnaud P, Gianazza E, Miribel L (1988) Ceruloplasmin. Methods Enzymol 163:441–452
Asadabadi M, Mohammadi MR, Ghanizadeh A, Modabbernia A, Ashrafi M, Hassanzadeh E, 

Forghani S, Akhondzadeh S (2013) Celecoxib as adjunctive treatment to risperidone in chil-
dren with autistic disorder: a randomized, double-blind, placebo-controlled trial. Psychophar-
macology 225:51–59

Barja G (1999) Mitochondrial oxygen radical generation and leak: sites of production in states 4 
and 3, organ specificity, and relation to aging and longevity. J Bioenerg Biomembr 31:347–366

Bertoglio K, James SJ, Deprey L, Brule N, Hendren RL (2010) Pilot study of the effect of methyl 
B12 treatment on behavioral and biomarker measures in children with autism. J Altern Com-
plement Med. 16:555–560

Bertram R, Gram Pedersen M, Luciani DS, Sherman A (2006) A simplified model for mitochon-
drial ATP production. J Theor Biol. 243:575–586

Birben E, Sahiner UM, Sackesen C, Erzurum S, Kalayci O (2012) Oxidative stress and antioxidant 
defense. World Allergy Organ J 5:9–19

Bortolato M, Godar SC, Alzghoul L, Zhang J, Darling RD, Simpson KL, Bini V, Chen K, Wellman 
CL, Lin RC, Shih JC (2013) Monoamine oxidase A and A/B knockout mice display autistic-
like features. Int J Neuropsychopharmacol 16:869–888

Bowers K, Li Q, Bressler J, Avramopoulos D, Newschaffer C, Fallin MD (2011) Glutathione 
pathway gene variation and risk of autism spectrum disorders. J Neurodev Disord 3:132–143

Brookes PS, Levonen AL, Shiva S, Sarti P, Darley-Usmar VM (2002) Mitochondria: regulators of 
signal transduction by reactive oxygen and nitrogen species. Free Radic Biol Med 33:755–764

Cadenas E, Davies KJ (2000) Mitochondrial free radical generation, oxidative stress, and aging. 
Free Radic Biol Med 29:222–230

Cadet J, Bellon S, Berger M, Bourdat AG, Douki T, Duarte V, Frelon S, Gasparutto D, Muller E, 
Ravanat JL, Sauvaigo S (2002) Recent aspects of oxidative DNA damage: guanine lesions, 
measurement and substrate specificity of DNA repair glycosylases. Biol Chem 383:933–943

Chauhan A, Chauhan V (2006) Oxidative stress in autism. Pathophysiology 13:171–181
Chauhan A, Chauhan V, Brown WT, Cohen I (2004) Oxidative stress in autism: increased lipid 

peroxidation and reduced serum levels of ceruloplasmin and transferrin—the antioxidant pro-
teins. Life Sci 75:2539–2549

Chauhan A, Chauhan V, Brown WT (eds) (2009a) Autism:oxidative stress, inflammation and im-
mune abnormailities. CRC Press, Taylor and Francis Group, Florida, pp 1–427

Chauhan A, Essa MM, Muthaiyah B, Brown WT, Chauhan V (2009b) Mitochondrial abnormalities 
in lymphoblasts from autism. J Neurochem 109 (Suppl. 1):273

Chauhan A, Essa MM, Muthaiyah B, Brown WT, Wegiel J, Chauhan V (2010) Increased protein 
oxidation in cerebellum, frontal and temporal cortex in autism. International Meeting for Au-
tism Research (Abstract)

Chauhan A, Audhya T, Chauhan V (2011a) Increased DNA oxidation in the cerebellum, frontal and 
temporal cortex of brain in autism. Trans Am Soc 42:81



42120 Increased Vulnerability to Oxidative Stress and Mitochondrial Dysfunction …

Chauhan A, Gu F, Essa MM, Wegiel J, Kaur K, Brown WT, Chauhan V (2011b) Brain region-
specific deficit in mitochondrial electron transport chain complexes in children with autism. J 
Neurochem 117:209–220

Chauhan A, Audhya T, Chauhan V (2012a) Brain region-specific glutathione redox imbalance in 
autism. Neurochem Res 37:1681–1689

Chauhan A, Gu F, Chauhan V (2012b) Mitochondrial respiratory chain defects in autism and other 
neurodevelopmental disorders. J Pediatr Biochem 2:213–223

Cohen IL, Liu X, Schutz C, White BN, Jenkins EC, Brown WT, Holden JJ (2003) Association of 
autism severity with a monoamine oxidase A functional polymorphism. Clin Genet 64:190–197

Cohen IL, Liu X, Lewis ME, Chudley A, Forster-Gibson C, Gonzalez M, Jenkins EC, Brown WT, 
Holden JJ (2011) Autism severity is associated with child and maternal MAOA genotypes. Clin 
Genet 79:355–362

Davis LK, Hazlett HC, Librant AL, Nopoulos P, Sheffield VC, Piven J, Wassink TH (2008) Corti-
cal enlargement in autism is associated with a functional VNTR in the monoamine oxidase A 
gene. Am J Med Genet B Neuropsychiatr Genet 147B:1145–1151

Deth R, Muratore C, Benzecry J, Power-Charnitsky VA, Waly M (2008) How environmental and 
genetic factors combine to cause autism: a redox/methylation hypothesis. Neurotoxicology 
29:190–201

Distler MG, Palmer AA (2012) Role of Glyoxalase 1 (Glo1) and methylglyoxal (MG) in behavior: 
recent advances and mechanistic insights. Front Genet 3: 250–260

Dupuy C, Virion A, Ohayon R, Kaniewski J, Deme D, Pommier J (1991) Mechanism of hydrogen 
peroxide formation catalyzed by NADPH oxidase in thyroid plasma membrane. J Biol Chem 
266:3739–3743

Essa MM, Muthaiyah B, Chauhan V, Brown WT, Chauhan A (2009) Increased oxidative damage in 
lymphoblasts form autism: enhanced free radical generation coupled with reduced antioxidant 
status. J Neurochem 108 (Suppl 1):73

Evans TA, Siedlak S, Lu L, Fu X, Wang Z, McGinnis W R, Fakhoury E, Castellani RJ, Hazen SL, 
Walsh WJ, Lewis AT, Salomon RG, Smith MA, Perry G, Zhu X (2008) The autistic pheno-
type exhibits a remarkably localized modification of brain protein by products of free radical-
induced lipid oxidation. Am J Biochem Biotech 4:61–72

Faber S, Zinn GM, Kern JC, 2nd, Kingston HM (2009) The plasma zinc/serum copper ratio as a 
biomarker in children with autism spectrum disorders. Biomarkers 14:171–180

Fatemi SH, Cuadra AE, El-Fakahany EE, Sidwell RW, Thuras P (2000) Prenatal viral infection 
causes alterations in nNOS expression in developing mouse brains. Neuroreport 11:1493–1496

Fitzpatrick PF (2010) Oxidation of amines by flavoproteins. Arch Biochem Biophys 493:13–25
Frustaci A, Neri M, Cesario A, Adams JB, Domenici E, Dalla Bernardina B, Bonassi S (2012) Oxi-

dative stress-related biomarkers in autism: systematic review and meta-analyses. Free Radic 
Biol Med 52:2128–2141

Gargus JJ, Imtiaz F. (2008) Mitochondrial energy-deficient endophenotype in autism. Am J Bio-
chem Biotech 4:198–207

Geier DA, Kern JK, Garver CR, Adams JB, Audhya T, Geier MR (2009) A prospective study of 
transsulfuration biomarkers in autistic disorders. Neurochem Res 34:386–393

Granger DN (1988) Role of xanthine oxidase and granulocytes in ischemia-reperfusion injury. Am 
J Physiol 255:H1269–1275

Gu F, Chauhan V, Chauhan A (2013a) Impaired synthesis and antioxidant defense of glutathione 
in the cerebellum of autistic subjects: alterations in the activities and protein expression of 
glutathione-related enzymes. Free Radic Biol Med 65:488–496

Gu F, Chauhan V, Kaur K, Brown WT, Lafauci G, Wegiel J, Chauhan A (2013b) Alterations in mi-
tochondrial DNA copy number and the activities of electron transport chain complexes and py-
ruvate dehydrogenase in the frontal cortex from subjects with autism. Transl Psychiatry 3:e299

Guo T, Chen H, Liu B, Ji W, Yang C (2012) Methylenetetrahydrofolate reductase polymorphisms 
C677T and risk of autism in the Chinese Han population. Genet Test Mol Biomarkers 16:968–973

Gutteridge JM (1983) Antioxidant properties of caeruloplasmin towards iron- and copper-depen-
dent oxygen radical formation. FEBS Lett 157:37–40



422 A. Chauhan and V. Chauhan

Haas RH (2010) Autism and mitochondrial disease. Dev Disabil Res Rev 16:144–153
Heinecke JW, Rosen H, Suzuki LA, Chait A (1987) The role of sulfur-containing amino acids in 

superoxide production and modification of low density lipoprotein by arterial smooth muscle 
cells. J Biol Chem 262:10098–10103

Hibbs JB, Jr., Taintor RR, Vavrin Z, Rachlin EM (1988) Nitric oxide: a cytotoxic activated macro-
phage effector molecule. Biochem Biophys Res Commun 157:87–94

Hindley S, Juurlink BH, Gysbers JW, Middlemiss PJ, Herman MA, Rathbone MP (1997) Nitric 
oxide donors enhance neurotrophin-induced neurite outgrowth through a cGMP-dependent 
mechanism. J Neurosci Res 47:427–439

Holscher C, Rose SP (1992) An inhibitor of nitric oxide synthesis prevents memory formation in 
the chick. Neurosci Lett 145:165–167

Hranilovic D, Bujas-Petkovic Z, Vragovic R, Vuk T, Hock K, Jernej B (2007) Hyperserotonemia 
in adults with autistic disorder. J Autism Dev Disord 37:1934–1940

James SJ, Cutler P, Melnyk S, Jernigan S, Janak L, Gaylor DW, Neubrander JA (2004) Metabolic 
biomarkers of increased oxidative stress and impaired methylation capacity in children with 
autism. Am J Clin Nutr 80:1611–1617

James SJ, Melnyk S, Jernigan S, Cleves MA, Halsted CH, Wong DH, Cutler P, Bock K, Boris M, 
Bradstreet JJ, Baker SM, Gaylor DW (2006) Metabolic endophenotype and related genotypes 
are associated with oxidative stress in children with autism. Am J Med Genet B Neuropsychiatr 
Genet. 141B:947–956

James SJ, Melnyk S, Jernigan S, Hubanks A, Rose S, Gaylor DW (2008) Abnormal transmethyl-
ation/transsulfuration metabolism and DNA hypomethylation among parents of children with 
autism. J Autism Dev Disord 38:1966–1975

James SJ, Rose S, Melnyk S, Jernigan S, Blossom S, Pavliv O, Gaylor DW (2009) Cellular and 
mitochondrial glutathione redox imbalance in lymphoblastoid cells derived from children with 
autism. FASEB J 23:2374–2383.

Jones BG, Rose FA, Tudball N (1994) Lipid peroxidation and homocysteine induced toxicity. 
Atherosclerosis 105:165–170

Junaid MA, Kowal D, Barua M, Pullarkat PS, Sklower Brooks S, Pullarkat RK (2004) Proteomic 
studies identified a single nucleotide polymorphism in glyoxalase I as autism susceptibility 
factor. Am J Med Genet A. 131:11–17

Juurlink BH, Paterson PG (1998) Review of oxidative stress in brain and spinal cord injury: 
suggestions for pharmacological and nutritional management strategies. J Spinal Cord Med 
21:309–334

Kaluzna-Czaplinska J, Michalska M, Rynkowski J (2011) Homocysteine level in urine of autistic 
and healthy children. Acta Biochim Pol 58:31–34

Kellogg EW, 3rd, Fridovich I (1975) Superoxide, hydrogen peroxide, and singlet oxygen in lipid 
peroxidation by a xanthine oxidase system. J Biol Chem 250:8812–8817

Kern JK, Jones AM (2006) Evidence of toxicity, oxidative stress, and neuronal insult in autism. J 
Toxicol Environ Health B Crit Rev 9:485–499

Kim HW, Cho SC, Kim JW, Cho IH, Kim SA, Park M, Cho EJ, Yoo HJ (2009) Family-based 
association study between NOS-I and -IIA polymorphisms and autism spectrum disorders in 
Korean trios. Am J Med Genet B Neuropsychiatr Genet 150B:300–306

Lakshmi Priya MD Geetha A (2011) Level of trace elements (copper, zinc, magnesium and sele-
nium) and toxic elements (lead and mercury) in the hair and nail of children with autism. Biol 
Trace Elem Res 142:148–158

Lenaz G (2001) The mitochondrial production of reactive oxygen species: mechanisms and impli-
cations in human pathology. IUBMB Life 52:159–164

Loeffler DA, Connor JR, Juneau PL, Snyder BS, Kanaley L, DeMaggio AJ, Nguyen H, Brickman 
CM, LeWitt PA (1995) Transferrin and iron in normal, Alzheimer’s disease, and Parkinson’s 
disease brain regions. J Neurochem 65:710–724

Lonart G, Wang J, Johnson KM (1992) Nitric oxide induces neurotransmitter release from hip-
pocampal slices. Eur J Pharmacol 220:271–272



42320 Increased Vulnerability to Oxidative Stress and Mitochondrial Dysfunction …

López-Hurtado E. Prieto JJ (2008) A microscopic study of language-related cortex in autism. Am 
J Biochem Biotech 4: 130–145

Lord C, Cook EH, Leventhal BL, Amaral DG (2000) Autism spectrum disorders. Neuron 28:355–363
Main PA, Angley MT, O'Doherty CE, Thomas P, Fenech M (2012) The potential role of the anti-

oxidant and detoxification properties of glutathione in autism spectrum disorders: a systematic 
review and meta-analysis. Nutr Metab 9:35

McGinnis WR (2004) Oxidative stress in autism. Altern Ther Health Med 10:22–36
Meguid NA, Dardir AA, Abdel-Raouf ER, Hashish A (2011) Evaluation of oxidative stress in 

autism: defective antioxidant enzymes and increased lipid peroxidation. Biol Trace Elem Res 
143:58–65

Ming X, Stein TP, Brimacombe M, Johnson WG, Lambert GH, Wagner GC (2005) Increased ex-
cretion of a lipid peroxidation biomarker in autism. Prostaglandins Leukot Essent Fatty Acids 
73:379–384

Ming X, Johnson WG, Stenroos ES, Mars A, Lambert GH, Buyske S (2010) Genetic variant of 
glutathione peroxidase 1 in autism. Brain Dev 32:105–109

Mohammad NS, Jain JM, Chintakindi KP, Singh RP, Naik U, Akella RR (2009) Aberrations in 
folate metabolic pathway and altered susceptibility to autism. Psychiatr Genet 19:171–176

Mostafa GA, El-Hadidi ES, Hewedi DH, Abdou MM (2010) Oxidative stress in Egyptian children 
with autism: relation to autoimmunity. J Neuroimmunol 219:114–118

Muller FL, Liu Y, Van Remmen H (2004) Complex III releases superoxide to both sides of the in-
ner mitochondrial membrane. J Biol Chem 279:49064–49073

Muthaiyah B, Essa MM, Chauhan V, Brown WT, Wegiel J, Chauhan A (2009) Increased lipid per-
oxidation in cerebellum and temporal cortex of brain in autism. J Neurochem 108 (Suppl 1): 73

Ozonoff S, Williams BJ, Landa R (2005) Parental report of the early development of children with 
regressive autism: the delays-plus-regression phenotype. Autism 9:461–486

Palmieri L, Persico AM (2010) Mitochondrial dysfunction in autism spectrum disorders: cause or 
effect? Biochim Biophys Acta 1797:1130–1137

Parellada M, Moreno C, Mac-Dowell K, Leza JC, Giraldez M, Bailon C, Castro C, Miranda-
Azpiazu P, Fraguas D, Arango C (2012) Plasma antioxidant capacity is reduced in Asperger 
syndrome. J Psychiatr Res 46:394–401

Pasca SP, Nemes B, Vlase L, Gagyi CE, Dronca E, Miu AC, Dronca M (2006) High levels of 
homocysteine and low serum paraoxonase 1 arylesterase activity in children with autism. Life 
Sci 78:2244–2248

Pecorelli A, Leoncini S, De Felice C, Signorini C, Cerrone C, Valacchi G, Ciccoli L, Hayek J 
(2013) Non-protein-bound iron and 4-hydroxynonenal protein adducts in classic autism. Brain 
Dev 35:146–154

Polster BM, Fiskum G (2004) Mitochondrial mechanisms of neural cell apoptosis. J Neurochem 
90:1281–1289

Rehnstrom K, Ylisaukko-Oja T, Vanhala R, von Wendt L, Peltonen L, Hovatta I (2008) No as-
sociation between common variants in glyoxalase 1 and autism spectrum disorders. Am J Med 
Genet B Neuropsychiatr Genet 147B:124–127

Roohi J, DeVincent CJ, Hatchwell E, Gadow KD (2009) Association of a monoamine oxidase-A 
gene promoter polymorphism with ADHD and anxiety in boys with autism spectrum disorder. 
J Autism Dev Disord 39:67–74

Rose S, Melnyk S, Pavliv O, Bai S, Nick TG, Frye RE, James SJ (2012a) Evidence of oxidative 
damage and inflammation associated with low glutathione redox status in the autism brain. 
Transl Psychiatry 2:e134

Rose S, Melnyk S, Trusty TA, Pavliv O, Seidel L, Li J, Nick T, James SJ (2012b) Intracellular and 
extracellular redox status and free radical generation in primary immune cells from children 
with autism. Autism Res Treat 2012:986519

Rossignol DA, Frye RE (2012a) Mitochondrial dysfunction in autism spectrum disorders: a sys-
tematic review and meta-analysis. Mol Psychiatry 17:290–314



424 A. Chauhan and V. Chauhan

Rossignol DA, Frye RE (2012b) A review of research trends in physiological abnormalities in au-
tism spectrum disorders: immune dysregulation, inflammation, oxidative stress, mitochondrial 
dysfunction and environmental toxicant exposures. Mol Psychiatry 17:389–401

Russo AJ, Devito R (2011) Analysis of copper and zinc plasma concentration and the efficacy of 
zinc therapy in individuals with Asperger’s Syndrome, Pervasive developmental disorder not 
otherwise specified (PDD-NOS) and autism. Biomark Insights 6:127–133

Sacco R, Papaleo V, Hager J, Rousseau F, Moessner R, Militerni R, Bravaccio C, Trillo S, Schnei-
der C, Melmed R, Elia M, Curatolo P, Manzi B, Pascucci T, Puglisi-Allegra S, Reichelt KL, 
Persico AM (2007) Case-control and family-based association studies of candidate genes in 
autistic disorder and its endophenotypes: TPH2 and GLO1. BMC Med Genet 8:11–20

Sajdel-Sulkowska EM, Xu M, Koibuchi N (2009) Increase in cerebellar neurotrophin-3 and oxida-
tive stress markers in autism. Cerebellum 8:366–372

Schmidt RJ, Tancredi DJ, Ozonoff S, Hansen RL, Hartiala J, Allayee H, Schmidt LC, Tassone F, 
Hertz-Picciotto I (2012) Maternal periconceptional folic acid intake and risk of autism spec-
trum disorders and developmental delay in the CHARGE (CHildhood Autism Risks from Ge-
netics and Environment) case-control study. Am J Clin Nutr 96:80–89

Sogut S, Zoroglu SS, Ozyurt H, Yilmaz HR, Ozugurlu F, Sivasli E, Yetkin O, Yanik M, Tutkun 
H, Savas HA, Tarakcioglu M, Akyol O (2003) Changes in nitric oxide levels and antioxidant 
enzyme activities may have a role in the pathophysiological mechanisms involved in autism. 
Clin Chim Acta 331:111–117

Sutcliffe JS (2008) Genetics. Insights into the pathogenesis of autism. Science 321:208–209
Sweeten TL, Posey DJ, Shankar S, McDougle CJ (2004) High nitric oxide production in autistic 

disorder: a possible role for interferon-gamma. Biol Psychiatry 55:434–437
Szewczyk A, Wojtczak L (2002) Mitochondria as a pharmacological target. Pharmacol Rev 

54:101–127
Tang G, Gutierrez Rios P, Kuo SH, Akman O, Rosoklija G, Tanji K, Dwork A, Schon EA, Dimauro 

S, Goldman J, Sulzer D (2013) Mitochondrial abnormalities in temporal lobe of autistic brain. 
Neurobiol Dis 54:349–361

Tassone F, Qi L, Zhang W, Hansen RL, Pessah IN, Hertz-Picciotto I (2011) MAOA, DBH, and 
SLC6A4 variants in CHARGE: a case-control study of autism spectrum disorders. Autism Res 
4:250–261

Thornalley PJ (2003) Glyoxalase I–structure, function and a critical role in the enzymatic defence 
against glycation. Biochem Soc Trans 31:1343–1348

Tostes MH, Teixeira HC, Gattaz WF, Brandao MA, Raposo NR (2012) Altered neurotrophin, neu-
ropeptide, cytokines and nitric oxide levels in autism. Pharmacopsychiatry 45:241–243

Truman JW, De Vente J, Ball EE (1996) Nitric oxide-sensitive guanylate cyclase activity is associated 
with the maturational phase of neuronal development in insects. Development 122:3949–3958

Upchurch GR, Jr., Welch GN, Fabian AJ, Freedman JE, Johnson JL, Keaney JF, Jr., Loscalzo J 
(1997) Homocysteine decreases bioavailable nitric oxide by a mechanism involving glutathi-
one peroxidase. J Biol Chem 272:17012–17017

Williams TA, Mars AE, Buyske SG, Stenroos ES, Wang R, Factura-Santiago MF, Lambert GH, 
Johnson WG (2007) Risk of autistic disorder in affected offspring of mothers with a glutathi-
one S-transferase P1 haplotype. Arch Pediatr Adolesc Med 161:356–361

Wingate M, Kirby RS, Pettygrove S, Cunniff C, Schulz E, Ghosh T, Robinson C, Lee LC, Landa 
R, Constantino J, Fitzgerald R, Zahorodny W, Daniels J, Nicholas J, Charles J, McMahon W, 
Bilder D, Durkin M, Baio J, Christensen D, Braun KV, Clayton H, Goodman A, Doernberg N, 
Yeargin-Allsopp M, Lott E, Mancilla KC, Hudson A, Kast K, Jolly K, Chang A, Harrington 
R, Fitzgerald R, Shenouda J, Bell P, Kingsbury C, Bakian R, Henderson A, Arenson C, Wash-
ington A, Frenkel G, Wright V (2014) Prevalence of autism spectrum disorder among chil-
dren aged 8 years   autism and developmental disabilities monitoring network, 11 sites, United 
States, 20 I 0. MMWR Surveill Summ 63:1–21

Wu YY, Chien WH, Huang YS, Gau SS, Chen CH (2008) Lack of evidence to support the gly-
oxalase 1 gene (GLO1) as a risk gene of autism in Han Chinese patients from Taiwan. Prog 
Neuropsychopharmacol Biol Psychiatry 32:1740–1744



42520 Increased Vulnerability to Oxidative Stress and Mitochondrial Dysfunction …

Yoo HJ, Cho IH, Park M, Cho E, Cho SC, Kim BN, Kim JW, Kim SA (2008) Association between 
PTGS2 polymorphism and autism spectrum disorders in Korean trios. Neurosci Res 62:66–69

Yoo HJ, Lee SK, Park M, Cho IH, Hyun SH, Lee JC, Yang SY, Kim SA (2009) Family- and 
population-based association studies of monoamine oxidase A and autism spectrum disorders 
in Korean. Neurosci Res 63:172–176

Yorbik O, Sayal A, Akay C, Akbiyik DI, Sohmen T (2002) Investigation of antioxidant enzymes in 
children with autistic disorder. Prostaglandins Leukot Essent Fatty Acids 67:341–343

Zoroglu SS, Yurekli M, Meram I, Sogut S, Tutkun H, Yetkin O, Sivasli E, Savas HA, Yanik M, 
Herken H, Akyol O (2003) Pathophysiological role of nitric oxide and adrenomedullin in au-
tism. Cell Biochem Funct 21:55–60

Zoroglu SS, Armutcu F, Ozen S, Gurel A, Sivasli E, Yetkin O, Meram I (2004) Increased oxidative 
stress and altered activities of erythrocyte free radical scavenging enzymes in autism. Eur Arch 
Psychiatry Clin Neurosci 254:143–147



427

Index

© Springer Science+Business Media New York 2015 
S. Hossein Fatemi (ed.), The Molecular Basis of Autism,  
Contemporary Clinical Neuroscience, DOI 10.1007/978-1-4939-2190-4

2q31 microdeletion sydnrome
methyl CPG binding domain protein 5 

(MBD5), 38
4-hydroxynonenal (HNE), 409, 411
5-hydroxyindoleacetic acid (5HIAA), 258, 265

A
Aberrant behavioral checklist (ABC), 248, 

249, 319, 320
Absence of heterozygosity (AOH), 34, 45, 46
Acetylcholine, 218, 309–313, 317, 321, 325
Acetylcholine receptors

muscarinic acetylcholine receptor 
(mAChR)

M1, 312, 313
M2, 313
M3, 313
M4, 313
M5, 313

nicotinic acetylcholine receptor (nAChR)
α7, 311, 312, 315, 324, 325
α3β2, 311 
α4β2, 311, 316, 317, 324, 325
α4β3, 311

Acetylcholinesterase inhibitor (ChEI)
donepezil, 318–322
galantamine, 319–322
rivastigmine, 318–320, 322

Adaptive immune system, 95
Adenosine triphosphate (ATP), 408

hydrolysis of, 72
AF4/FMR2 family, member 2 (AFF2), 43
Aggression, 174, 178–181, 208, 278, 288, 

322, 323
Alpha 2 agonists

clonidine, side effects of 186, 187
guanfacine, 186, 278

Alpha7-nicotinic acetylcholine receptor 

subunit gene (CHRNA7), 310–312
Alpha-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA), 
96, 219, 247–249, 366, 367

Alzheimer’s disease (AD), 99, 188, 317, 323, 
326, 385, 388, 398

Amantadine, 248
Aminomethyltransferase (AMT), 42
Amperometry, 215, 225, 230
Amygdala, 108, 120, 122, 127, 129, 134, 135, 

137, 142, 155, 156, 260, 267, 276, 
287, 289, 347, 387

Amyloid beta A4 precursor protein (APP)
APP 120 kDa, 349, 350
APP 88 kDa, 349

Angelman syndrome, 38, 53, 72, 81, 361, 400
ubiquitin-protein ligase E3A (UBE3A), 27, 

38, 39, 73, 81, 82
Angelman-like syndrome, 38

forkhead box G1 (FOXG1), 38
Animal model

Fmr1 knockout mice, 228, 289–291, 292, 
294, 349

heterozygous Reeler mice (HRM), 338
homozygous Nrxn1α mice, 372
Lurcher mice, 215, 221, 225–228, 230
Nlgn1 knockout mice, 373
Nlgn2 knockout mice, 374
Nlgn3 knock in mice, 374
reeler mice, 338, 339

Ankyrin 3, node of Ranvier (ankyrin G) 
(ANK3), 42

Anterior cingulate cortex, 129, 164, 246
Anterior cingulate gyrus, 157, 244
Anticonvulsants, 81, 156, 162, 167, 176, 178, 

181
sodium valproate, 78, 82, 266

Antidepressants, 176, 177, 182, 186, 187, 266, 
322, 323



428 Index

miscellaneous
mirtazapine, 176, 177, 182
trazodone, 176, 177

selective serotonin reuptake inhibitors 
(SSRIs)

citalopram, 182, 264
escitalopram, 182, 278
fluoxetine, 177, 182, 262, 263, 266, 278
paroxetine, 177

tricyclic antidepressants
amitriptyline, 176
clomipramine, 177
doxepine, 176
imipramine, 177
nortriptyline, 176
protriptyline, 177

Antihistamines, 176, 178
diphenhydramine, 176
doxylamine, 176

Antioxidants, 408, 409, 413
Antipsychotics, 81, 179–181, 250, 288, 312, 

322, 416
atypical

aripiprazole, 81, 179, 182, 186, 278
olanzapine, 179, 180
risperidone, 179, 182, 186, 416
ziprasidone, 180

typical, haloperidol, 179
side effects, 180, 250

Anxiety, 81, 99, 108, 129, 174, 176, 182, 186, 
187, 195, 203, 204, 276, 278, 281, 
283–289, 308, 316, 346, 374, 386, 
398

generalized anxiety, 295
obsessive compulsive disorder (OCD), 

20, 308
social anxiety, 286, 288, 338

Anxiolytic, 81, 186, 276, 277, 288
Apolipoprotein E receptor 2 (APOER2), 

338–340
Apoptosis, 96, 158, 408
Applied behavioral analysis (ABA), 8, 197, 

198, 201, 202
Arcuate fasiculus, 131, 133
Arginine vasopressin (AVP), 276–282, 288, 

289, 291–294
Aromatic amino acid decarboxylase (AADC), 

258, 259
ARX related disorders

aristaless-related homeobox, X-linked 
(ARX), 38

Asperger’s syndrome, 5, 7, 16, 24, 36, 121, 
122, 142, 196, 214, 244, 246, 261, 
262, 362, 371

Astrocyte, 79, 97, 100, 267
AT rich interactive domain 5A (MRF1-like) 

(ARID5A), 42
ATP-binding cassette, sub-family C (CFTR/

MRP), member 12 (ABCC12), 43
Atomoxetine, side effects of, 184–186, 324
Attention, 128, 130, 155, 181, 199, 200, 214, 

218, 285, 309, 311, 318, 321, 323, 
346

Attention deficit hyperactivity disorder 
(ADHD), 17, 68, 143, 174, 176 
178, 181, 183–186, 188, 203, 204, 
221, 283, 286, 288, 308, 310, 317, 
347, 386 

Autism diagnostic interview, revised (ADI-R), 
134, 160, 280

Autism diagnostic observation schedule 
(ADOS), 134, 280, 370

Autism spectrum disorder (ASD), 307–327, 
361–375, 383–389, 393–401, 
407–419

epidemiologic features of
definitions, 23, 24
etiology of, 27, 28
prevalence, 24, 25
risk factors, 25–27

epigenetic drug targets, 81–83
epigenetic heritability, 68, 74–76
genetics of, 33–55

biochemical defects and mitochondrial 
dysfunction, 44

biochemical testing, 50–53
CNVs, 37–40
diagnostic techniques, 44–46
genetic basis of, 37
prenatal diagnosis, 54
SNVs, 41–44

immunology of, 93–109
implications, 78, 79
mutations, 76
neuroimaging in, 117–144
neuropathology of, 153–168
pharmacology of, 173–189
postmortem brain, gene expression and 

chromatin alterations, 78–80
serotonin in, 257–268

Autoimmunity, 101, 102
Axons, 100, 132, 137, 155, 163, 164, 230, 

260, 310, 366

B
Basal ganglia, 127, 129, 130, 138, 143
B-cell CLL/lymphoma 2 (BCL2), 388
BCL6 corepressor-like 1 (BCORL1), 43



429Index

Behavior, 108, 201
Benzodiazepines

clonazepam, 176, 177
estazolam, 176
flurazepam, 176
lorazepam, 176
quazepam, 176
temazepam, 176
triazolam, 176

Bipolar disorder, 17, 72, 349
Blood oxygenation labeled dependent 

(BOLD), 139, 262
Brain-derived neurotrophic factor (BDNF), 76, 

95, 97, 310, 314, 316–317, 383–388 
Brain development, 73, 74, 96, 161, 162, 167, 

263, 266, 267, 308–310, 316, 338, 
339, 342, 383, 384, 386, 396–398, 
415

Brain lamination, 157, 338–340
Brain region-specific, 276, 384, 387, 411, 412, 

417, 418
Brain size, 387, 393
Brain trauma, 163, 317
Brain volume, 118, 119, 123, 130, 167, 308, 

309, 396
Brain weight, 164–165, 396
Brainstem, 97, 157, 162, 163, 165, 217, 276, 

310, 350, 366
Brodmann area

Brodmann area 3, 160
Brodmann area 3b, 161
Brodmann area 4, 160, 161
Brodmann area 9, 159, 160, 161, 343
Brodmann area 17, 160, 161 
Brodmann area 21, 159
Brodmann area 22, 159
Brodmann area 24, 161, 244 
Brodmann area 25, 244
Brodmann area 43, 161
Brodmann area 44, 161

C
Calbindin (CB), 156
Calretinin (CR), 156
Caspase, 96, 99, 100
Caudate, 120, 122, 127, 129, 130, 137, 141, 

232, 233, 244, 286, 397
Cell adhesion molecule (CAM), 362, 364, 374
Cell cycle associated protein 1 (CAPRIN1), 42
Cell migration, 338, 339, 383
Cell proliferation, 123, 383
Centrosomal protein 170B (KIAA0284), 43
Cerebral cortex, 69, 78, 79, 82, 96, 123, 124, 

142, 157, 158, 160, 161, 165, 166, 
266, 310, 313, 345, 394

Cerebellum, 79, 100, 122, 127, 128, 137, 142, 
155, 161, 162, 165, 215–217, 219, 
222, 232, 244, 246, 247, 261, 266, 
267, 310, 314, 316, 340, 345, 347, 
349, 350, 384, 385, 387, 395–400, 
411–413, 417

Cerebellar vermis, 122, 127, 247, 348–350
Cerebro-cerebellar pathway, 162, 396
Cerebrospinal fluid (CSF), 100, 108, 119, 246, 

265, 276, 279, 283, 293, 294, 343, 
387

Ceruloplasmin, 414
CHARGE syndrome

Chromodomain helicase DNA-binding 
protein 7 (CHD7), 38

Chemokine, 97, 100, 103, 104, 398
Chloral hydrate, 176
Choline, 137–139, 218, 324–326
Choline acetyltransferase (ChAT), 218, 309, 

315
Cholinergic, 142, 188, 218

changes, 307–327
Cholinomimetics, 323, 326
Chromatin-bound RNAs (CBRs), 72, 73
Chromatin fiber, 69
Chromatin remodeling, 71–73, 77, 78, 81
Chromodomain helicase DNA-binding protein 

8 (CHD8), 43
Cingulate cortex, 127, 129, 141, 164, 246, 

260, 261, 287, 343
Cingulum, 131, 133
Clathrin, heavy chain-like 1 (CLTCL1), 43
Clinical global impression (CGI), 248, 249
Clustered regulatory interspaced short 

palindromic repeats (CRISPR), 
52, 82

Cognitive deficits, 214, 215, 290, 317, 322, 
326, 346, 395, 396, 400

Communication deficits, 127, 130, 131, 278, 
286, 308

Comorbid conditions, 203–205
Comparative genomic hybridization (CGH), 

45, 46, 50, 54, 369
Comprehensive intervention program, 202
Compulsive behavior, 18, 20, 264, 283
Computed tomography (CT), 141, 325
Connectivity, 118, 125, 129, 130, 135–137, 

140, 143, 160, 167, 243–245, 362, 
384, 387

Copper, 414
Copy number variant (CNV), 37–40, 45, 46, 

50–54, 68, 362, 369, 371, 372
Cornelia de Lange Syndrome (CdLS), 73
Corpus callosum, 131, 133, 134, 163, 167, 

243–245, 397



430

Cortical dysplasia-focal epilepsy syndrome
Contactin-associated protein like 2 

(CNTNAP2), 38, 40, 41
Cortical modularity, 158–161
Cortical thickness, 118, 123–125, 135, 136, 

143, 157
Creatine (Cr), 137, 342
Creatine transporter, 44

solute carrier family 6 (neurotransmitter 
transporter, creatine), member 8 
(SLC6A8), 38

Cyclooxygenase (COX), 416
Cytokine, 94–100, 102–104, 267, 313, 398, 

416

D
D-amino acid oxidase, 247
D-cycloserine, 188, 249
Delayed language, 5, 8, 16, 82, 199, 283, 346, 

370
Dendrites, 137, 155, 218, 287, 289, 311
Dentate nucleus (DN), 215–217, 226, 227, 

229, 233, 399
Depression, 68, 82, 99, 174, 186–188, 197, 

203, 204, 277, 308, 349, 398
Development, 4, 18, 77, 308
Developmental delay, 5, 17, 39, 40, 74, 102, 

119, 134, 139, 284–286, 308, 369, 
372

Diabetes, 26, 76
Diacylglycerol O-acyltransferase 2-like 6 

(DGAT2L6), 43
Diagnostic and statistical manual of mental 

disorders (DSM)
DSM-IV, 5, 6, 16, 25, 36, 160, 314, 

319–321
DSM-5, 5–7, 15–17, 24, 25, 36, 122, 183, 

196, 214, 277
Diagnosis of autism

differential diagnosis, 37
ICD-10, 5, 319–321

Differentiation, 69, 167, 309, 310, 311, 342, 
385, 387

Diffusion tensor imaging (DTI), 131–135, 387
Diffusivity

apparent diffusion coefficient (ADC), 132
axial diffusivity, 132
mean diffusivity, 132
radial diffusivity, 132

Disabled 1 (DAB1), 339, 340, 342
Discs, large, Drosophila, homolog of, 1 

(DLG1), 39
Divalproex, 179, 181–183
Divalproex sodium, 183

DNA (cytosine-5-)-methyltransferase 3 alpha 
(DNMT3A), 42

DNA methylation, 71, 72, 75–77, 80, 82
Dopamine, 98, 184, 213–234, 250, 323, 399
Dopamine beta hydroxylase, plasma (DBH), 

183
Dopamine receptor, 141

D1, 220
D2, 220, 250
DRD4 gene, 183
DRD5 gene, 183

Dopamine stabilizers
ACR16, 250
OSU6162, 250, 251

Dopamine transporter (DAT), 184
Dopaminergic, 77, 96, 178, 183, 215, 

218–220, 232, 250, 313, 349, 399
Dorsomedial prefrontal cortex (dMPFC), 199
Dorsolateral prefrontal cortex (DLPFC), 157, 

158, 387
Down syndrome (DS), 284, 317
D-serine, 249
Dual-specificity tyrosine-(Y)-phosphorylation 

regulated kinase 1A (DYRK1A), 43

E
Early behavioral intervention

Early and Intensive Behavioral 
Intervention (EIBI), 197

Early Start Denver Model (ESDM), 198
Electron transport chain (ETC), 408
Entorhinal cortex, 155, 156, 163, 218
Environment, 4, 19, 103, 26, 36, 75, 79, 164, 

197, 201, 222, 266–268, 384, 389, 
394, 398, 399

Ephrin B proteins (EFNBs), 338, 339
Epidemiology, 23–25, 27, 266
Epigenetics, 27, 28, 36, 67–83, 396

heritability, 68, 74, 75
regulation/dysregulation, 68, 71, 75, 76, 

78–80, 82
therapy, 68

Epigenome, 68, 73, 76, 78
Epilepsy, 4, 17, 154, 162, 174, 286, 308, 310, 

313, 346, 369, 376, 401
Etiology

genetic, 35, 39, 54, 280
environmental, 28, 46, 74

Euchromatin, 69
Evolution, 53, 394, 395
Executive function, 130, 134, 140, 195, 214, 

220, 221, 224, 286, 319, 322, 338, 
387, 388

Excitatory postsynaptic potential, 251

Index



431

F
Fever, 247
Fluorescence in situ hybridization (FISH), 34, 

47, 51
Fluorodeoxyglucose (FDG), 141
Fluoxetine, 177, 182, 262, 263, 265, 266, 278
Folate, 82, 416, 417
Fractional anisotropy (FA), 132, 133
Fragile X mental retardation 1 (FMR1), 38, 

142, 228–230, 232, 266, 286, 287, 
289–291, 346–348

FMR1 premutation, 287, 347
Fragile X mental retardation protein (FMRP), 

142, 266, 286, 287, 289–291, 337, 
346–350

phosphorylated FMRP (p-FMRP), 349
Fragile X syndrome (FXS), 142, 163, 188, 

228, 232, 277, 285–291, 338, 346, 
347

Frontal cortex/lobe
medial frontal gyrus, 121
middle frontal gyrus, 121
precentral gyrus, 121
superior frontal gyrus, 121

Functional connectivity, 125, 136, 140, 245
Functional magnetic resonance imaging 

(fMRI), 118, 131, 139, 140, 232, 
262, 263, 308, 364, 400

Functional neuroimaging, 118, 129, 137, 139, 
143

Fusiform gyrus, 121, 131, 135, 142, 260, 316, 
343

G
Gamma-aminobutyric acid (GABA), 76, 79, 

138, 139, 181, 188, 221, 317, 338, 
366, 342

GABAergic, 77–79, 219, 220, 244, 248, 
251, 311, 314, 317, 337, 342, 343

GABA A receptor (GABAA)
GABAA receptor alpha 1 (GABRα1), 344, 

345, 350
GABAA receptor alpha 2 (GABRα2), 344, 

345
GABAA receptor alpha 3 (GABRα3), 

344–346
GABAA receptor alpha 4 (GABRα4), 

344–346, 350
GABAA receptor alpha 5 (GABRα5), 

344–346
GABAA receptor alpha 6 (GABRα6), 

344–346
GABAA receptor beta 1 (GABRβ1), 

344–346, 350

GABAA receptor beta 2 (GABRβ2), 
344–346, 350

GABAA receptor beta 3 (GABRβ3), 
344–346

GABAA receptor delta (GABRδ), 344–345, 
350

GABAA receptor epsilon (GABRε), 
344–345

GABAA receptor gamma 2 (GABRγ2), 
344–346, 350

GABAA receptor gamma 3 (GABRγ3), 
344–346

GABAA receptor pi (GABRπ), 344, 345
GABAA receptor theta (GABRθ), 344–346
GABAA receptor rho 2 (GABRρ2), 344, 

345
GABA B receptor (GABAB)

GABAB receptor 1 (GABBR1), 342, 
344–346

GABAB receptor 2 (GABBR2), 342, 344, 
345

Gastrointestinal (GI)
dysfunction, 105–108
symptoms, 105–108

Glial fibrillary acidic protein (GFAP), 100, 
162

Gliosis, 155, 156, 162
Glucose, 141, 244
Glutamate, 137–139, 188, 219, 221, 230, 231, 

243–251, 311, 317, 342, 343
Glutamate receptor

ionotropic, 219, 247, 342
glutamate receptor, ionotropic, 

N-methyl D-aspartate 2B 
(GRIN2B), 42

metabotropic, 95, 98, 142, 249, 287
mGluR5, 247, 348

Glutamatergic, 77, 79, 188, 217, 218, 219, 
220, 226, 230, 243, 244, 246, 247, 
249, 251, 310, 317, 324, 343, 349, 
350, 366, 367, 385, 399

Glutamic acid decarboxylase (GAD), 314, 
342, 343

GAD 65 kDa (GAD65), 343
GAD 67 kDa (GAD67), 343

Glutamine, 137, 138, 245, 246
Glutathione

reduced glutathione (GSH), 409, 411–413
oxidized glutathione (GSSG), 411, 412

Glutathione peroxidase (GPX), 409
Glycogen synthase kinase 3-beta (GSK3β), 

339
Glyoxalase 1 (Glo 1), 415
Golgi technique, 156

Index



432

G protein-coupled receptor 98 (GPR98), 42
Grey matter, 100, 120, 123, 125, 127, 135, 

139, 164, 309
GTP-cyclohydrolase (Punch), 266
Gyrification, 125, 126, 142

H
Head circumference, 118, 119, 383
Heritability, 68, 74–76, 362
Heterochromatin, 69, 71, 73
Heterotopias, 166–168
Hippocampus, 79, 94, 120, 122, 155, 156, 266, 

287, 291, 310, 313, 314, 343, 350, 
365, 385, 387

CA1 subfield, 156
CA4 subfield, 156
dentate gyrus, 97, 156

Histones, 68, 69
H2A, 72
H2B, 72
H3, 72
H4, 72

Histone deacetylase, 74, 78, 82
Histone modification, 68, 71–73, 75, 76, 80
Histone variants

H3.3, 72
H2A.X, 72
H2A.Z, 72

Homeobox, 75
Homer 1, 349, 350
Homocysteine, 409, 412, 413, 417
Huntington’s disease, 250, 385, 399
Hydroxymethylation, 69
Hydroxymethylated-cytosine (hmC), 69
Hydroxylation, 71
Hyperactivity, 68, 104, 174, 181, 183, 184, 

187, 221, 228, 248, 283, 308, 324, 
342, 347

Hyperarousal, 221, 288, 338
Hyperglutamatergic, 245
Hyperserotonemia, 259, 260, 263, 282
Hypoglutamatergic, 243, 245, 247
Hypothalamic-pituitary-adrenal (HPA) axis, 

108, 276

I
Immune system, 94, 96, 98, 99, 102, 103, 

106–109, 386
Impulsivity, 181, 283, 323, 338, 342
Incidence of autism, 24, 50, 362, 396
Infantile autism, 4, 5, 16, 243, 348
Inferior frontal gyrus (IFG), 121, 125, 130, 

131

Inferior fronto-occipital fasciculus, 131, 133
Inferior longitudinal fasiculus, 133
Inferior olive, 162, 166
Inflammation, 80, 99, 100, 101, 104, 105, 107, 

108, 142, 266–268, 309, 398, 399, 
401, 416, 417

Inhibitory postsynaptic current (IPSC), 220, 
365–367

Innate immune system, 100, 105, 108
Insomnia, 176, 177, 182, 185, 186
Insular cortex, 122
Insulin-like growth factors (IGFs)

IGF-1, 309
IGF-2, 309

Intellectual disability/impairment, 17, 35–37, 
39, 40, 46, 48, 67, 82, 201, 265, 
285, 318, 347, 369

Intelligence, 25, 261, 264, 394, 396
Intelligence quotient (IQ), 4, 5, 18, 118, 127, 

248, 264, 280, 283
Interferon (INF)

INF-γ, 267
Interferon induced with helicase C domain 1 

(IFIH1), 42
Interleukin (IL)

IL-1β, 94, 99, 103, 105
IL-4, 95, 98, 101
IL-5, 101, 105
IL-6, 94, 98, 99, 102, 103, 105
IL-8, 103, 104
IL-10, 100, 104
IL-12, 104
IL-12p40, 103, 104

Interneuron, 156, 158, 161, 219, 220, 244, 
248, 251, 310, 317, 337, 366

Iron, 178, 408, 414
Irritability, 99, 179, 180, 184, 185, 187, 188, 

248, 249, 278, 308, 318, 320–322, 
324, 416

K
Kallmann syndrome 1 sequence (KAL1), 43
Katanin p60 subunit A-like 2 (KATNAL2), 43
KIAA2022, 43
Kin of IRRE like 3 (Drosophila) (KIRREL3), 42
Klein-Levin syndrome, 175
Kynurenate, 226–229

L
Laminin, gamma 3 (LAMC3), 42
Lamotrigine, 181, 249
Language impairments, 17, 128, 134, 143, 

261, 262, 308

Index



433

Large neutral amino acid carrier (LAT1), 258, 
259

Lead, 17, 28, 409
Leaky gut, 107, 398, 399
Learning deficits, 285, 289
Lesch-Nyhan syndrome

hypoxanthine guanine 
phosphoribosyltransferase 1 
(HPRT1), 38

Lethargy, 99, 180, 248, 322
Leucine-rich repeat transmembrane protein 

(LRRTM), 364, 367, 370, 374
Leucine zipper protein 4 (LUZP4), 43
Limbic system, 122, 127, 129
LIM domain kinase 1 (LIMK), 39, 284
Lipopolysaccharide (LPS), 96, 98, 99, 103, 

106, 384
Lissencephaly, 339
Lissencephaly 1 (LIS1), 339
Locus coeruleus, 96, 157, 163
Longitudinal fasciculus, 133, 134
Long term depression (LDP), 228, 287, 349
Long term potentiation (LTP), 267, 287, 338, 

373
Loss of function (LOF), 41, 81, 228, 232, 339, 

347, 350
Lujan-Fryns syndrome

mediator complex subunit 12 (MED12), 38

M
Macrocephaly, 52, 164, 285
Macrophage colony stimulating factor 

(M-CSF), 97, 104
Magnetic resonance imaging (MRI), 117, 118, 

137–139, 244
Magnetic resonance spectroscopy (MRS), 117, 

118, 137–139, 246
Major histocompatibility complex (MHC), 98, 

100, 101
Malonyldialdehyde (MDA), 409, 410
Maternal antibodies, 102
Maternal immune activation, 101–103
Medial prefrontal cortex (mPFC), 215–221, 

224–232, 263, 399
Melatonin, 176
Memantine, 188, 248
Memory

short term, 309, 321
working, 218, 220, 221, 224, 286, 312
visual, 286

Metabotropic glutamate receptor 5 (mGluR5), 
142, 188, 247, 249, 295, 337, 348, 349

Methionine, 82, 411, 412, 416
Methyl-cytosine (mC), 70, 78

Methylation, 69, 71, 73, 75–78, 80, 82, 347, 
412, 413

dimethylation (me2), 71
monomethylation (me1), 71
trimethylation (me3), 71
methylene tetrahydrofolate reductase 

(MTHFR), 417
Methylphenidate, 177, 179, 181, 183, 184, 185
MICAL C-terminal like (MICALCL), 42
Microdeletions, 40, 47, 74, 283, 370, 372, 374
Microglia, 80, 95–97, 99, 100, 105, 137, 142, 

267, 309
Minicolumns, 158–161, 394
Mitochondrial dysfunction, 44, 408, 417, 418
Mitogen-activated protein kinase kinase 1 

(MAP2K1), 38
Modafinil, 177
Monoamine oxidase (MAO), 185, 408

monoamine oxidase A (MAOA), 258, 415
Monogenic, 68, 77
Mood, 176, 180–182, 285, 318, 326, 342, 345, 

349
Mood stabilizers, 76, 181
Morris water maze, 97, 373, 374
Motor deficits, 18, 214, 397, 400
Multiplex ligation-dependent probe 

amplification (MPLA), 47
Myelination, 123, 132, 133, 137
Myo-inositol, 139

N
N-acetyl aspartate (NAA), 137, 139
Naltrexone, 177, 181
Narcolepsy, 175, 177
NCK-associated protein 5-like (NCKAP5L), 42
Neocortex, 163, 350, 395, 396
Nerve growth factor (NGF), 97, 317, 383–389
Nervous system, 71, 82, 83, 153, 276, 394, 

398
central nervous system (CNS), 28, 94, 173, 

184, 259, 276, 310, 311, 342, 409, 
414

peripheral nervous system (PNS), 312, 313
Netrin G1 (NTNG1), 42
Neural stem cell (NSC), 94, 123
Neurexin (NRXN), 41, 138, 317, 361–373

α-neurexin, 363–367
β-neurexin, 363–367

Neurexin genes
neurexin 1 (NRXN1), 362, 365, 369, 373
neurexin 2 (NRXN2), 370, 373
neurexin 3 (NRXN3), 370

Neuroanatomy, 153

Index



434

Neuroimaging, 117–119, 123, 129, 132, 134, 
135, 140–144, 162, 164, 167, 215, 
243, 325

Neuroligin (NLGN)
neuroligin-1, 365, 366, 372, 374
neuroligin-2, 365, 366, 370, 372
neuroligin-3, 366, 371, 372
neuroligin-4, 371

Neuroligin genes
neuroligin 1 (NLGN1), 366, 372
neuroligin 2 (NLGN2), 366, 372, 374
neuroligin 3 (NLGN3), 366, 371, 372, 374
neuroligin 4 (NLGN4), 366, 371

Neuromodulator, 98, 221, 309
Neuropathology, 98, 79, 153–167, 277, 230, 

234, 294, 395, 400
Neuropeptide, 98, 276, 277, 291, 293, 294, 

398
Neurotrophin (NT)

NT-3, 383–389
NT-4, 383
NT-5, 383
NT-4/5, 384, 387, 388
NT-6, 383

Neuroinflammation, 99, 100, 108, 188
Neuronal epigenome, 68, 73, 75, 77, 78
Next generation sequencing (NGS), 36, 41, 

47, 54
Nissl stain, 155, 159, 162
Nitric oxide (NO), 385, 409, 410
Nitric oxide synthase (NOS), 414, 415
N-methyl-D-aspartate (NMDA), 188, 220, 

243, 247–249, 339, 349, 366, 367
Noonan syndrome, 38, 47

son of sevenless, Drosophila, homolog 1 
(SOS1), 38

V-raf-1 murine leukemia viral oncogene 
homolog 1 (RAF1), 38

V-raf murine sarcoma viral oncogene 
homolog B1 (BRAF), 38

V-KI-ras2 Kirsten rat sarcoma viral 
oncogene homolog (KRAS), 38

Norepinephrine (NE), 98, 184, 188, 282, 311, 
415

Nucleosome, 68, 69, 71–75
Nucleosome core histones, 69
Nucleus accumbens, 130, 142, 232, 233
Nutrition, 76, 106

O
Obstructive sleep apnea, 175, 178
Occipital cortex/lobe, 121, 126, 134, 138, 411, 

412
cuneus, 122

inferior occipital region, 121
lingual gyrus, 122
middle occipital region, 121
temporal occipital regions, 121

Oligodendrocyte, 79
Orbitofrontal cortex (OFC), 142, 164
Oxidation, 216, 244, 408–412, 415
Oxidative stress, 385, 396, 408–415
Oxytocin (OT), 26, 81, 188, 276–285, 288, 

289, 291, 292
Oxytocin receptor (OXTR), 277, 280–282, 

291, 293, 294

P
P21 protein-activated kinase 2 (PAK2), 39
Parkinson’s disease, 99, 250, 317
Parasomnias

bruxism, 175
nightmares, 175
noctunal enuresis, 175
rhythmic movement disorders, 175
sleep talking, 175
sleep terrors, 175
sleep walking, 175

Parietal cortex/lobe, 100, 121, 126, 127, 130, 
131, 134, 136, 137, 139, 245, 261, 
267, 314, 315, 317, 341, 343, 411

inferior parietal lobule, 121
precuneus, 121
primary sensory cortex, 121
supeior parietal lobule, 121

Parvalbumin (PV), 156, 366
Patched domain-containing protein 1 

(PTCHD1), 39
Paternal age, 25, 76
Pedunculopontine nuclei (PPN), 231
Pedunculopontine tegmental nuclei (PPT), 

217–219, 230
Perirhinal cortex, 163, 218
Peroxynitrite (ONOO), 385, 409, 410, 414
Peroxisomal biogenesis factor 7 (PEX7), 42
Perseverative, 224, 228, 285, 416
Pervasive developmental disorder (PDD), 6, 7, 

16, 24, 36, 154, 196, 214, 248, 308, 
321, 362

Pharmacology
of ASD spectrum disorder, 174–188

Phelan-McDermid syndrome (PMS), 38, 41, 
51, 53

SH3 and multiple ankyrin repeat domains 
3 (SHANK3), 41, 51, 366

Phenylalanine hydroxylase (PAH), 42, 266
Phosphatidylinositol-3-kinase (PI3K), 101, 

339

Index



435

Phosphorylation, 71, 72, 338, 339, 384, 408
Piriform cortex, 164, 218, 260, 291
Pitt-Hopkins syndrome

transcription factor 4 (TCF4), 38
Placenta, 77, 102, 259, 267
Pogo transposable element with ANF domain 

(POGZ), 42
Polycystic kidney and hepatic disease 1 

(autosomal recessive)-like 1 
(PKHD1L1), 42

Polycytidylic acid (Poly I:C), 103
Polygenic, 394
Pontine nuclei (PN), 217, 219
Positron emission tomography (PET), 141, 

142, 215, 308
Postmortem, 79, 80, 83, 100, 154–157, 159, 

161, 162, 164, 165, 167, 247, 260, 
262, 263, 317, 338, 346, 348, 417

Postsynaptic, 51, 219, 220, 250, 267, 310, 342, 
362, 364–367, 371, 374

Post-translational histone modification, 71
Potassium voltage-gated channel, KQT-like 

subfamily, member 2 (KCNQ2), 43
Prader-Willi syndrome (PWS), 38, 39, 53, 72, 

283, 284, 292, 294
Prefrontal cortex (PFC), 120, 127, 130, 131, 

134, 136, 142, 157, 158, 164, 218, 
247, 263, 311, 341, 387, 388, 396, 
397, 399–401

Prenatal diagnosis, 53, 54
Prenatal viral infection, 415

cytomegalovirus, 101, 267
herpes simplex virus, 101, 267
measles, 267
mumps, 101, 267
rubella, 101, 267

Presynaptic, 184, 220, 250, 315, 317, 364, 
366, 374

Prevalence of autism, 25, 337
Progressive ratio (PR) task, 222
Prooxidant, 414
Protein kinase B (PKB), 339
Protein O-linked mannose beta1, 

2-N-acetylglucosaminyltransferase 
(POMGNT1), 42

Protocadherin 11 X-linked (PCDH11X), 43
PTEN associated disorder, 38, 101

phosphatase and tensin homolog (PTEN), 
38

protein tyrosine phosphatase, nonreceptor-
type-11 (PTPN11), 38

Pruning, 123, 309, 311, 387, 397, 401
Purkinje cell, 96, 100, 127, 155, 156, 161, 

162, 173, 215–217, 221–224, 225, 
228, 230, 232, 309, 314, 315, 343, 
385, 387, 396

Putamen, 120, 122, 127, 129, 130, 141, 244
Pyramidal cell, 155–159, 219, 220, 228, 251, 

286, 290, 311, 365, 418
Pyruvate dehydrogenase (PDH), 418

R
Radiotracer, 141, 325
Ramelteon, 176
Ras-related C3 botulinum toxin substrate 1 

(RAC1), 349
Reactive oxygen species (ROS), 96, 408
Recurrent risk, 53
Redox, 409, 411–414, 418
Reelin, 338–342

Reelin 410 kDa, 338, 340, 341
Reelin 330 kDa, 338, 340, 341
Reelin 180 kDa, 338, 340, 341

Reelin signaling system, 337, 339, 350
Repetitive behavior, 15, 17, 20, 67, 81, 103, 

106, 127, 130, 143, 174, 182, 183, 
197, 214, 221–223, 263, 276, 283

Restless leg syndrome (RLS), 175, 178
criteria for restless leg syndrome (URGE), 

178
Reticulo-tegmental nuclei (RTN), 217
Rett syndrome, 35, 37, 38, 74, 77, 214, 265

Methyl CPG binding protein 2 (MECP2), 
38, 43, 74, 265, 347

Rett-like syndrome
cyclin dependent kinase like 5 (CDKL5), 

38
Reversal learning, 224, 230, 262
Reward learning, 214
Risk factors, 23, 25, 26, 28, 100, 101, 257, 384
Rubinstein-Taybi syndrome, 77

S
Schizophrenia, 3, 4, 7, 19, 39, 68, 72, 76, 77, 

79, 80, 81, 154, 218, 249, 250, 267, 
277, 310, 312, 313, 316, 317, 322, 
326, 342, 345, 349, 362, 364, 370, 
395–399

Seizure
afebrile, 247, 372
and intellectual disability, 36
case studies on, 155
disorders, 7, 48, 67, 157, 343, 346
treatment of, 288

Self
-consciousness, 397
-control, 203
-harm ideation, 187
-injury, 18, 130, 179, 180, 198, 200, 201

behaviours associated with, 162, 163
-report, 24, 204

Index



436

Sensorimotor, 127, 140, 219, 308, 368
and cognitive deficits, 394, 395, 400
gating

behaviour, 338
deficiencies, 373

Serotonergic, 163, 164, 178, 182, 250, 
260–268, 386

types of, 261
signaling, 76

Serotonin, 7, 77, 98, 141, 164, 182, 258–268, 
278, 282, 342, 415

receptor
5HT1A, 267
5HT2, 142, 262
5HT2A, 261

transporter
5HTT (SERT), 258, 260, 263, 264, 266, 

267, 268
gene (SLC6A4), 263

SH3 and multiple ankyrin repeat domains 2 
(SHANK2), 138

Single nucleotide polymorphism (SNP), 45, 
46, 54, 68, 75, 264, 280, 281, 339, 
340, 346, 368–370, 415, 416

Single nucleotide variant (SNV), 34, 37, 40, 
41, 43, 46–50, 52, 53

Single photon-emission tomography (SPECT), 
141

Shyness, 285, 287, 308
Sleep dysfunction, 174–176, 178
Smith-Magenis syndrome, 38, 400

retinoic acid-induced gene 1 (RAI1), 38
Social communication, 5, 6, 15–17, 20, 36, 

127, 129–131, 134, 135,139, 143, 
198, 200–202, 263, 277, 278, 362

intervention, 198–203
Social interactions, 103, 195, 196, 199, 200, 

203, 249, 277, 282, 290, 308, 309, 
324, 374, 407

Social skills, 8, 19, 197, 198, 201, 203, 204, 
214, 245, 280

Sodium channel, voltage-gated, type I, alpha 
subunit (SCN1A), 42

Sodium channel, voltage-gated, type II, alpha 
subunit (SCN2A), 42

Sodium oxybate, 177
Sotos syndrome

nuclear receptor binding Su-var, enhancer 
of zeste, and trithorax domain 
protein (NSD1), 38

Spectrin repeat containing, nuclear envelope 1 
(SYNE1), 42

Speech generating devices (SGDs), 200
Sports, 395
Stereotypy, 222, 247

Stimulants, 176, 177, 181, 183, 184, 288
contraindications to stimulant use, 184, 

185
Striatal-enriched protein tyrosine phosphatase 

(STEP)
STEP 66 kDa, 350
STEP 46 kDa, 349
STEP 27 kDa, 350

Striatum, 129, 156, 244, 313, 321
Subcortical regions, 155, 156
Substantia nigra, 129, 218, 313, 399
Superior longitudinal fasciculus, 133, 134
Superior olivary nuclei, 163
Superior temporal sulcus (STS), 199
Superoxide dismutase (SOD), 408, 410
Surface based morphometry, 125
Sushi-repeat containing protein, X-linked 2 

(SRPX2), 43
Synapse, 39, 40, 98, 123, 138, 142, 143, 174, 

219, 228, 248, 258, 264, 267, 287, 
289, 310, 337–339, 342, 349, 362, 
364, 366, 367, 371, 372, 384, 385, 
387, 399

Synaptic plasticity, 82, 287, 364, 366, 388
Synaptogenesis, 96, 311, 349, 364, 366, 383, 

384, 414

T
Targeted gene panel (TGP), 47, 52
Tau protein, 339, 385
T-cells

cytotoxic, 98
T-cell specific to myelin basic protein 

(TMBP), 97
T-cell specific to ovalbumin (TOVA), 97
type 1 helper T-cell (TH1), 100, 104
type 2 helper T-cell (TH2), 100, 104

Temporal cortex/lobe, 79, 100, 121, 123–125, 
127, 129–131, 134, 136–138, 140, 
141, 164, 244, 246, 260, 261, 309, 
313, 362, 411, 412, 417

inferior temporal gyrus, 121
middle temporal gyrus, 130
superior temporal gyrus, 121, 261

Thalamic nuclei, 218, 219, 226, 276
Thalamus, 122, 140, 141, 217, 219, 226, 232, 

244, 261, 262, 310, 315, 399
mediodorsal thalamus (ThN md), 218, 219, 

226, 230
ventrolateral thalamus (ThN vl), 218, 219, 

226, 230
Theory of mind, 131, 135, 197, 400
Timothy syndrome

calcium channel, voltage dependent 

Index



437Index

1, L type, alpha-1C subunit 
(CACNA1C), 38

Topoisomerases (topos), 81
Tourette syndrome, 185, 308, 323
Treatment, 8–11, 18, 81, 108, 178, 197, 

201–205, 262, 267, 318, 323, 324
packages, 195

Trimethyllysine hydroxylase, epsilon 
(TMLHE), 43

Tryptophan, 141, 258–260, 262, 264–267, 326
Tryptophan hydroxylase (TPH)

TPH1, 258, 259, 264
TPH2, 258, 259, 264, 265, 268

Tuberous sclerosis complex (TSC)
TSC1, 38, 101
TSC2, 38, 103

Tumor growth factor (TGF)
TGF-β, 95, 96, 104

Tumor necrosis factor (TNF)
TNF-α, 94, 96, 98, 99, 100, 102, 104, 105, 

106
Tyrosine kinase (Trk)

TrkA, 385, 388
TrkB, 388
TrkC, 388

U
Ubiquitin protein ligase E3B (UBE3B), 43
Ubiquitin specific peptidase 54 (USP54), 42
Uncinate fasciculus, 133, 134
Usher syndrome 2A (autosomal recessive, 

mild) (USH2A), 42

V
Vacuolar protein sorting 13 homolog B (yeast) 

(VPS13B), 42
Varenicline, 324
Variant of unknown significance (VUS), 52

Vasoactive intestinal peptide (VIP), 42
Vasopressin, 276
Velocardiofacial syndrome (VCFS), 38
Venlafaxine, 177
Ventral tegmental area, 218, 313, 399
Ventricular volume, 118
Very low density lipoprotein receptor 

(VLDLR), 338, 342
Vineland adaptive behavior scale (VABS), 280
Vitamins

B9, 82
B12, 82
C, 409
E, 409

Von Economo neurons (VEN), 157, 158
Voxel based morphometry (VBM), 118, 120, 

122, 123, 127, 129–135 

W
White matter, 100, 118, 131–135, 143, 157, 

158, 164, 166, 167, 243–245, 368, 
387, 411, 416

Whole exome sequencing (WES), 46, 48
Wild type (WT), 290
Williams syndrome, 284, 294, 295
WWC family member 3 (WWC3), 43

X
X-linked Angelman-like syndrome

Solute carrier family 9, member 6 
(SLC9A6), 38

Xanthine oxidase, 408, 414

Z
Zinc, 414
Zinc finger CCCH-type containing 12B 

(ZC3H12B), 43
Zinc finger protein 18 (ZNF18), 43


	Foreword
	Preface
	Acknowledgments
	Contents
	Contributors
	Part I 
	Clinical Aspects of Autism
	Chapter-1
	A Brief History of Autism
	1.1 A Brief History of Autism
	1.2 Development of Autism as a Diagnostic Concept
	1.3 Related Diagnostic Concepts
	1.4 Advances in Research
	1.5 Treatments
	1.6 Research Directions
	1.7 Social Policy Issues
	1.8 Training and Dissemination of Knowledge
	1.9 Summary and Challenges for the Future
	References


	Chapter-2
	Autism Spectrum Disorder: Diagnostic Considerations
	2.1 DSM-IV Transitions to DSM-5
	2.2 DSM-5 Criteria
	2.3 Severity and Specificity in Practice
	2.4 Associated Features
	2.5 Diagnostic Criteria Over Developmental Periods
	2.6 Differential Diagnoses
	2.7 Conclusion
	References


	Chapter-3
	Epidemiologic Features of Autism Spectrum Disorders
	3.1 Definitions
	3.2 Prevalence
	3.3 Risk Factors
	3.4 Genetics, Genomics, Epigenetics and Gene-Environment Interaction
	3.5 Conclusion
	References


	Chapter-4
	Genetics of Autism Spectrum Disorders: The Opportunity and Challenge in the Genetics Clinic
	4.1 Brief History of Autism Genetic Studies
	4.2 Genetic Basis of ASDs
	4.3 Copy Number Variants (CNVs)
	4.4 Single Nucleotide Variants (SNVs)
	4.5 Biochemical Defects and Mitochondrial Dysfunction
	4.6 Diagnostic Techniques for ASDs in Genetics Clinic
	4.7 Copy Number Variant Analysis
	4.8 Single Nucleotide Variant Analysis
	4.8.1 Single Gene Test for Syndromic ASDs
	4.8.2 Targeted Gene Panels
	4.8.3 Whole Exome Sequencing (WES)
	4.8.4 Whole Genome Sequencing (WGS)

	4.9 Biochemical Testing
	4.9.1 Clinical Interpretation
	4.9.1.1 Copy Number Variants

	4.9.2 Single Nucleotide Variants
	4.9.3 Recurrent Risk

	4.10 Prenatal Diagnosis
	4.11 Conclusion and Future Directions
	References


	Chapter-5
	Epigenetic Regulation in Autism
	5.1 Chromatin and Epigenetic Regulation—General Principles
	5.2 ‘Epigenetic Heritability’ in ASD?
	5.3 Monogenic Forms of ASD Due to Mutations in Genes Encoding Chromatin Regulatory Proteins
	5.4 Epigenetic Regulation in the Human Brain During Normal Development and Aging—Implications for ASD
	5.5 Gene Expression and Chromatin Alterations in ASD Postmortem Brain
	5.6 Epigenetic Drug Targets to Treat ASD
	5.7 Synopsis and Outlook
	References


	Chapter-6
	Immunology of Autism
	6.1 Immune-Brain Interactions
	6.1.1 Cytokines and Neurodevelopment
	6.1.2 Microglia
	6.1.3 Cytokines, Immune Cells and Cognitive Function
	6.1.4 Neuroinflammation
	6.1.5 Neuroinflammation in ASD

	6.2 Maternal Immune Activation and ASD
	6.2.1 Infection During Pregnancy
	6.2.2 Other Inflammatory Processes
	6.2.3 Rodent Models of MIA

	6.3 Systemic Immune Activation in ASD
	6.3.1 Peripheral Cytokines and Chemokines in ASD
	6.3.2 Adaptive Responses in ASD
	6.3.3 Innate Responses in ASD

	6.4 Gastrointestinal Abnormalities in ASD
	6.4.1 GI Symptoms and Frequency in ASD
	6.4.2 Nutrition and GI Immunity in ASD
	6.4.3 GI Immunity
	6.4.4 Behavior and GI Dysfunction

	6.5 Conclusion
	References


	Chapter-7
	Neuroimaging in Autism Spectrum Disorders
	7.1 Volumetric Analysis
	7.2 Voxel Based Morphometry
	7.3 Cortical Thickness Mapping
	7.4 Surface Based Morphometry
	7.5 Structural Regions of Interest
	7.5.1 Cerebellum
	7.5.2 Anterior Cingulate Cortex
	7.5.3 Amygdala
	7.5.4 Basal Ganglia
	7.5.5 Frontal, Temporal and Parietal Regions

	7.6 White Matter: Volumetric Analysis and Diffusion Tensor Imaging
	7.7 Structural Connectivity Analysis
	7.8 Magnetic Resonance Spectroscopy
	7.9 Functional Magnetic Resonance Imaging
	7.10 Positron Emission Tomography
	7.11 Summary, Interpretation and Recommendations
	References


	Chapter-8
	The Neuropathology of Autism
	8.1 Early History
	8.2 Modern History
	8.3 Cerebral Cortex
	8.4 Cortical Modularity
	8.5 Cerebellum
	8.6 Brainstem
	8.7 Axons
	8.8 Brain Weight
	8.9 A Locus Minoris Resistentiae
	8.10 Conclusions
	References


	Chapter-9
	Pharmacology of Autism Spectrum Disorder
	9.1 Sleep Disorders
	9.2 Aggression
	9.2.1 Antipsychotics
	9.2.2 Stimulants
	9.2.3 Divalproex
	9.2.4 Others

	9.3 Repetitive Behaviors
	9.3.1 Atypical Antipsychotics
	9.3.2 Selective Serotonin Reuptake Inhibitors (SSRIs)
	9.3.3 Divalproex Sodium

	9.4 Hyperactivity
	9.4.1 Stimulants
	9.4.2 Atomoxetine
	9.4.3 Alpha-2-Agonists
	9.4.4 Atypical antipsychotics (AAs)

	9.5 Depression and Anxiety
	9.6 Potential Future Agents
	9.7 Conclusions
	References


	Chapter-10
	Behavioral Therapies
	10.1 Behavioral Therapies
	10.2 The Range and Nature of ASD
	10.3 Early Developmental/Behavioral Intervention
	10.4 Social Communication Intervention for Severe ASD
	10.5 Intervention for Challenging Behavior for Severe ASD
	10.6 Comprehensive Intervention Programs
	10.7 Social Communication Intervention for Mild ASD
	10.8 Comorbid Conditions
	10.9 Conclusions
	References




	Part II
	Basic Science Aspects of Autism
	Chapter-11
	Autism and Dopamine
	11.1 Autism Spectrum Disorders
	11.2 Cerebellar Modulation of the mPFC
	11.3 Cerebellar-Cortical Pathways
	11.4 Dopamine Physiological Dynamics in the mPFC
	11.5 Developmental Loss of Cerebellar Purkinje Cells Produces Behavioral Deficits Similar to Those Common to ASD
	11.6 Individual Pathway Contributions to mPFC Dopamine Release in Lurcher Wildtype and Lc/+ Mutant Mice
	11.7 Individual Pathway Contributions to mPFC Dopamine Release in Fmr1 Wildtype and Mutant Mice
	11.8 Glutamate Dysfunction Drives the Reduction in mPFC Dopamine Release in Lurcher Mutant and Wildtype Mice
	11.9 Conclusions
	11.10 Future Directions
	References


	Chapter-12
	Autism and Glutamate
	12.1 Corpus Callosum and Brain Connectivity
	12.2 Biochemistry
	12.2.1 Plasma Glutamine/Glutamate Levels
	12.2.2 Brain Glutamate Biochemistry

	12.3 Genetics
	12.4 Fever
	12.5 Clinical Trials with Glutamatergic Agents
	12.6 Monoamine Stabilizers as Modulators of Glutamatergic Transmission
	12.7 Concluding Remarks
	References


	Chapter-13
	Serotonin in Autism Spectrum Disorder: Insights from Human Studies and Animal Models
	13.1 Overview of the Serotonin Pathway
	13.2 Elevated Blood Serotonin in Autism
	13.3 Serotonin and Human Brain Pathology in Autism
	13.4 Molecular Imaging of Serotonin Precursor, Transporter and Receptor Studies
	13.5 Serotonin and Functional Imaging
	13.6 Genetic Evidence Linking Serotonin to Autism
	13.7 Altered Serotonin in Autism Caused by Genes not Related to Serotonin
	13.8 Environmental Exposures and ASD
	13.9 Conclusions
	References


	Chapter-14
	Oxytocin and Vasopressin in Autism and Genetic Syndromes
	14.1 Introduction to OT & AVP Neuropeptide Hormones
	14.2 Autism Spectrum Disorder and OT/AVP
	14.2.1 Intranasal OT Studies in ASD
	14.2.2 OT and AVP Genetic Studies in ASD
	14.2.3 OT Blood Levels in ASD

	14.3 Prader-Willi Syndrome and OT
	14.4 Williams Syndrome and OT
	14.5 Fragile X Syndrome
	14.5.1 Molecular Biology of Fragile X Syndrome
	14.5.2 Fragile X Syndrome and OT
	14.5.3 Animal Models of Fragile X Syndrome Provide Insight on Moderators of Neurodevelopmental Pathways
	14.5.4 Examining OT in Neurodevelopmental Animal Models: A Way to Examine Early Effects?

	14.6 Conclusion and Next Steps
	References


	Chapter-15
	Molecular Basis of Cholinergic Changes in Autism Spectrum Disorders and Relevance for Treatment Interventions
	15.1  Abnormal Brain Development in Autism 
	15.1.1 Excitatory-Inhibitory Circuit Plasticity in ASD 
	15.1.2  Excitatory-Inhibitory Circuit Plasticity  and Neurotransmission 

	15.2  Cholinergic System 
	15.2.1  Brain Cholinergic Receptors 
	15.2.1.1  Nicotinic Receptors 
	15.2.1.2  Muscarinic Acetylcholine Receptors 


	15.3  Post-Mortem Studies 
	15.3.1  Muscarinic Receptors in Autism 
	15.3.2  Nicotinic Receptor Changes in Autism 

	15.4  Cholinergic Therapies for Autism 
	15.4.1  Acetylcholinesterase Inhibitors (ChEI) 
	15.4.2  ChEIs Treatment in Autism 
	15.4.2.1  Donepezil 
	15.4.2.2  Galantamine 
	15.4.2.3  Rivastigmine 
	15.4.2.4  Combined Use of ChEI with Neuroleptic and Antidepressant Medications 

	15.4.3  Treatment of Autism with Nicotinic Agonists or Antagonists 
	15.4.3.1  Nicotinic Agonists 
	15.4.3.2  Nicotinic Cholinergic Antagonists 


	15.5  Conclusions 
	References 


	Chapter-16
	Reelin, GABA, FMRP, and Autism
	16.1 Reelin and Autism
	16.2 GABA and Autism
	16.3 FMRP and Autism
	16.4 Conclusions
	References


	Chapter-17
	The Role of Neurexins and Neuroligins in Autism
	17.1 Neurexins, Neuroligins and Synaptic Function
	17.1.1 Neurexin and Neuroligin Function

	17.2 NRXN1 Mutations in Humans
	17.2.1 Neurexins in Autistic Spectrum Disorder
	17.2.1.1 NRXN1 Mutations and Autism
	17.2.1.2 NRXN2 and 3 Mutations in Autism
	17.2.1.3 Neurexin Mutations and Other Disorders


	17.3 Neuroligin Mutations in Humans
	17.3.1 Neuroligins in Autistic Spectrum Disorder

	17.4 Behavioral Phenotypes of Neurexin and Neuroligin Mouse Models
	17.4.1 Neurexin Mutations
	17.4.2 Neuroligin Mutations

	17.5 Conclusions
	References


	Chapter-18
	Neurotrophins, Their Receptors and Autism: Ligand vs. Receptor Abnormalities
	18.1 Role of Neurotrophins During Development
	18.2 Environmental/Infection Effect of Neurotrophins
	18.3 Possible Consequences of Altered Neurotrophins (Excess vs. Deficit)
	18.4 Changes in Neurotrophins in Autism
	18.5 Relationship Between Neurotrophin Changes and Autistic Pathology
	18.6 Neurotrophin Receptor Abnormalities in Autism and Their Implications
	18.7 Neurotrophins and Their Receptors as New Therapeutic Targets
	References


	Chapter-19
	Cognition, Motor Control and Other Aspects of Autism: A Pragmatic Review
	References


	Chapter-20
	Increased Vulnerability to Oxidative Stress and Mitochondrial Dysfunction in Autism
	20.1 Oxidative Stress
	20.2 Antioxidant Defense
	20.3 Oxidative Stress in Autism
	20.3.1 Increased ROS-Mediated Oxidative Damage in Autism
	20.3.2 Glutathione Redox Imbalance in Autism
	20.3.3 Relationship Between Homocysteine, Methionine and Oxidative Stress in Autism
	20.3.4 Decreased Activities of Antioxidant Enzymes in Autism
	20.3.5 Metals and Autism
	20.3.6 Xanthine Oxidase (XO) and NO (pro-oxidants) in Autism

	20.4 Genetic Variations of Enzymes Involved in Oxidative Stress in Autism
	20.4.1 Nitric Oxide Synthase
	20.4.2 Glyoxalase 1
	20.4.3 Monoamine Oxidase A (MAOA)
	20.4.4 Cyclooxygenase (COX)
	20.4.5 Genes Involved in Glutathione Homeostasis
	20.4.6 Genes Involved in Folate Metabolism

	20.5 Role of Mitochondria in Free Radical Generation, and Mitochondrial Dysfunction (MD) in Autism
	20.6 Summary
	References




	Index



