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Preface

The publication Translational Approaches to Autism Spectrum Disorder (ASD) 
combines an important synthesis of clinical and experimental views from the mo-
lecular to the behavioral, of this disease that constitutes a real challenge to neurol-
ogy, psychiatry, psychology, and basic neuroscience. During a meeting in Cancun, 
Mexico (April 21–25, 2013), the main hypotheses of ASD were intensively dis-
cussed by experts from several countries covering all the levels of neuroscience 
(molecular to behavioral) and branches (from genetics, immunology, clinical neu-
rophysiology, and pharmacology to epidemiology). This book is an account of the 
spirit of the discussion realized over those days.

The promise that translational medicine will improve the lives of children suf-
fering from ASD is greater than ever. Knowledge of the development and behavior 
of ASD is increasing at a great rate, from the molecular to sociological level. These 
exciting scientific advances in the description of the ASDs, although incomplete 
so far, provide hope to effectively address new treatments for the people suffering 
from the illness.

Unfortunately, ASD has many variants and the presence of a real specific marker 
is still unknown, preventing the discovery of successful personalized treatment. 
This book has the potential to help researchers and clinicians to unite to uncover the 
clues of ASD. To fully understand this idea, it is recommended that the chapters are 
read in three interconnected parts: Part 1, composed of the first three chapters; Part 
2, Chaps. 4–10, and Part 3, corresponding to Chap. 11.

Part 1 synthesizes the history, prevalence, and possible causes of ASD (Chap. 1); 
the prevalence of ASD since 2000 and the discussion of methodological factors 
impacting the estimation of prevalence (Chap. 2); and finally in Chap. 3, the 
presentation of several genetic syndromes of ASD as a multifactor and com-
plex condition with a marked genetic influence, evidenced by a high heritability 
(80–90 %). Both common and rare genetic variants have an influence on the etiol-
ogy and development of ASD.

Part 2 contains several approaches. At first, reviews of EEG findings with an em-
phasis on quantitative measurements, epilepsy, sleep disorders (Chap. 4), and dys-
function of auditory, visual, and somatosensory systems that underlie ASD (Chap. 5) 
are discussed. Then in Chap. 6, an overview of the morphological and functional 



brain changes in ASD using MRI and fMRI observations in ASD is provided. Af-
terwards, evidence derived from animal experiments and clinical data, supporting 
the role of neuroplasticity on autism physiopathology are discussed (Chap. 7). This 
part ends with the presentation of immunological data: first, the evidence that cer-
tain immune stimuli result in reduced sociability and increased repetitive behavior 
in animal models (Chap. 8); later, in Chap. 9, how immunological derangements, 
including cellular immune dysregulations, chronic inflammatory states, and neuro-
immune alterations occur in the periphery and in the brain of those suffering from 
ASD. The same is true for studying antibody responses in the brain and periphery 
of ASD patients (Chap. 10).

Part 3 is covered entirely in Chap. 11. This section starts with the consideration 
that although common symptoms are well described in ASD, there is an inadequate 
understanding of the mechanisms at molecular and cellular levels. Thereafter, the 
current therapies are described, including physiological interventions, occupational 
and physical therapy, speech and language therapy, medications and sensory inte-
gration, and vision therapy. Other therapies discussed for the future are: intranasal 
oxytocin, bioactive peptides, and vitamins. It is finally concluded that a definitive 
pharmacologic treatment for the core symptoms of autism does not exist.

The outstanding value of this book can be attributed to its expert and authorita-
tive contributors. Students of the field of ASD will be indebted to these dedicated 
authors for their hard work, knowledge, thoughtfulness, and good judgment. My 
sincere appreciation 

MD Nibaldo Hernández Mesa  
Dr. Sc. Emeritus Professor 
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Chapter 1
Autism: What Is It?

Roberta Maresca and Laura de Magistris

L. de Magistris ()
Gastroenterology, Department Magrassi-Lanzara, Second University of Naples, 
SUN, Naples, Italy
e-mail: laura.demagistris@unina2.it

R. Maresca
Department of Mental and Physical Health and Preventive Medicine,  
Second University of Naples, SUN, Naples, Italy

Abstract An overview of autism is provided. History, prevalence and causes are 
described. The autism spectrum disorders (ASD) are developmental disorders 
defined by significantly abnormal social interaction, impaired communication and 
language abilities and a narrow pattern of interests. According to the Diagnostic and 
Statistical Manual of Mental Disorders (IV edition-text revision), autistic disorder 
(AD) is the most severe form of ASD. Asperger syndrome, Rett syndrome, child-
hood disintegrative disorder and pervasive developmental disorder not otherwise 
specified are considered milder forms of ASD. The American Psychiatric Associa-
tion has recently released the fifth edition of the Diagnostic and Statistical Manual 
of Mental Disorders (DSM-V). The diagnostic criteria for ASD have been modified 
based on the research literature and clinical experience in the 19 years since the 
DSM-IV was published in 1994. In particular, the diagnosis will be called Autism 
Spectrum Disorder and there will no longer be sub-diagnoses.

Keywords History · Diagnosis · Prevalence · Causes · Social impact · Autism

1.1  Introduction

The prevalence of autism spectrum disorders (ASD) is increasing and it is alarming. 
In fact, 1 in 88 newborns is currently affected by ASD in the USA, with a specific 
male dominance (5:1 ratio of males to females). The presence of a child with ASD 
in the family causes an overall impact on parents and siblings manifested in a sig-
nificant increase in stress.

© Springer International Publishing Switzerland 2015
M. d. l. A. Robinson-Agramonte (ed.), Translational Approaches to Autism  
Spectrum Disorder, DOI 10.1007/978-3-319-16321-5_1
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Only about 10 % of patients with a diagnosis of ASD have a defined aetiology 
(so-called syndromic autism, secondary to fragile X syndrome, neurofibromatosis, 
exposure to thalidomide), while 90 % of ASD cases are considered idiopathic (i.e. 
without a definite aetiological agent). In these cases, genetic factors are known to be 
relevant. However, genetics only cannot explain the rapid increase of the prevalence 
observed in recent years. For this reason, most authors consider that the aetiology 
of ASD lies in an interaction between genetic and environmental factors. The genes 
that have so far been identified seem to have an important role to play in brain 
development, particularly in synaptic development. The results of the screening of 
the human genome have shown the presence of different susceptibility loci on dif-
ferent chromosomes, in particular the 2, 16 and 17. The data obtained suggest the 
interaction of at least ten genes in the aetiology of autism. In practice, the strongest 
evidence is that there is no ‘one gene’ of autism, but quite a number of genes that 
contribute to a vulnerability to the onset of the disorder. There are many challenging 
environmental factors that appear to play a role in autism. It is unclear how these 
environmental factors (including vaccines) may interact with the individual genetic 
risk for developing autism. Research has not yet identified a direct causal link be-
tween any environmental factor and autism.

1.2  History and Diagnosis

The term autism was coined in 1908 by the Swiss psychiatrist Bleuler to refer to a 
symptom of schizophrenia, pointing to it with the extreme narrowing of relations 
with the outside world that excludes anything except your own self: it derives from 
the Greek αυτός, or “if the same”.

The first scientific description of autism—a psychopathological syndrome in it-
self—is due to the German-American physician Leo Kanner in 1943, in the article 
“Autistic Disturbances of Affective Contact” published in The Nervous Child. He 
described eleven children prone to isolation, “self-sufficient”, “happy if left alone”, 
“as in a shell”, not very reactive in the relational field (Paucheri and Pfanner 1999). 
Some appeared functionally silent or had echolalic speech, while others showed a 
characteristic inversion pronoun (“you” to refer to themselves and “I” to refer to 
another). Many had an obsessive fear of some change happening in the surround-
ing environment, while some had very specific skills, developed and isolated, but 
close to a general delay. Observing these traits and behaviours as typical but hitherto 
unknown, Kanner described this syndrome as “Early Infantile Autism”. Although 
experts in autism have been the first to recognize, under the same name, a clinical 
condition characterized by precise impaired social interaction, impaired communi-
cation and the constant presence of repetitive, stereotyped and restricted interests, 
and have changed the diagnostic and therapeutic approach over time, there are still 
large areas of uncertainty, doubt and problem.



31 Autism: What Is It?

In fact, numerous efforts to understand the causes of this syndrome and various 
assumptions have been made; the multifactorial origin, which needs the interaction 
of genetic and environmental factors, seems however to be the most reliable.

Autism is a behavioural syndrome caused by a developmental disorder that is 
biologically determined, with onset in the first 3 years of life. The areas relating to 
social interaction, the capacity to communicate ideas and feelings and the ability 
to establish relationships with others are mainly affected; therefore, it appears as a 
“permanent” disability that accompanies the subject through his lifetime, although 
the characteristics of the social deficit assume variable expressivity in time.

According to the definition of the American Psychiatric Association, significant-
ly abnormal or deficient social interaction, impaired communication and language 
abilities and a considerably narrow pattern of activities and interests are the main-
stays of the ASD diagnosis.

ASDs, in the DSM-V, are defined within two categories: “persistent impairment 
in reciprocal social communication and social interactions” and “restricted and re-
petitive patterns of behaviour,” both present since early childhood. In the DSM-V 
diagnosis must meet the following criteria A, B, C and D:

a. Persistent deficits in social communication and social interaction across con-
texts, not accounted for by general developmental delays, and manifested by all 
three of the following:

1. Deficits in social–emotional reciprocity; ranging from abnormal social 
approach and failure of normal back-and-forth conversation, through reduced 
sharing of interests, emotions, and affect and response, to total lack of initia-
tion of social interaction.

2. Deficits in nonverbal communicative behaviours used for social interaction; 
ranging from poorly integrated verbal and nonverbal communication, through 
abnormalities in eye contact and body language, or deficits in understanding 
and use of nonverbal communication, to total lack of facial expression or 
gestures.

3. Deficits in developing and maintaining relationships appropriate to the level 
of development (beyond those with caregivers); ranging from difficulties 
adjusting behaviour to suit different social contexts, through difficulties in 
sharing imaginative play and in making friends, to an apparent absence of 
interest in people.

b. Restricted, repetitive patterns of behaviour, interests, or activities as manifested 
by at least two of the following:

1. Stereotyped or repetitive speech, motor movements, or use of objects; (e.g. 
simple motor stereotypes, echolalia, repetitive use of objects or idiosyncratic 
phrases).

2. Excessive adherence to routines, ritualized patterns of verbal or nonverbal 
behaviour, or excessive resistance to change; (e.g. motoric rituals, insistence 
on same route or food, repetitive questioning or extreme distress at small 
changes).
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3. Highly restricted, fixated interests that are abnormal in intensity or focus; 
(e.g. strong attachment to or preoccupation with unusual objects, excessively 
circumscribed or perseverative interests).

4. Hyper- or hypo-reactivity to sensory input or unusual interest in sensory 
aspects of the environment; (e.g. apparent indifference to pain/heat/cold, 
adverse response to specific sounds or textures, excessive smelling or touch-
ing of objects, fascination with lights or spinning objects).

c. Symptoms must be present in early childhood (but may not become fully mani-
fest until social demands exceed limited capacities)

d. Symptoms together limit and impair everyday functioning.

The diagnosis also requires the specification of the presence or absence of related 
intellectual disability, alterations of language as well as medical conditions or as-
sociated genetics.

1.3  Prevalence

The prevalence of ASD is increasing and the current prevalence rate is alarming. In 
fact one in 88 newborns is currently affected by ASD in the USA, with a specific 
male dominance (5:1 ratio) between males and females (Baio 2012). However, a 
recent study performed in the UK suggests lower figures (annual incidence rate of 
about 1.2/1000 boys and 0.2/1000 girls). Only about 10 % of patients with a diagno-
sis of ASD have a defined aetiology (the so-called syndromic autism, previously de-
fined; Engel and Daniels 2011; Stagno and Whitley 1985), while 90 % of ASD cases 
are considered idiopathic (i.e. without a definite aetiological agent) (Gentile et al. 
2013). In these cases, genetic factors are known to be relevant. However, genetics 
cannot explain the rapid increase of the prevalence observed in recent years. For 
this reason, most authors consider that the aetiology of ASD lies in an interaction 
between genetic and environmental factors (Garbett et al. 2012; Shi et al. 2003). 
The absence of a definite causative agent makes the set-up of preventive measures 
for ASD impossible.

1.4  Causes of Autism

In the 1940s, Kanner described how the parents of his patients with autism were 
able to identify a characteristic common to all of them: that of being “cold and intel-
lectual”. Afterwards, in his theory of psychoanalysis, Bettelheim affirmed that “the 
refusal on the part of the parents is a key element in the genesis of each observed 
case of autism” (Bettelheim 1967). In practice, he opened the way to what has 
been, for decades, the cornerstone of the interpretation of the onset of autistic disor-
der, namely the theory of the “refrigerator mother”. Emphasizing the absence of an  
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organic background and the particular type of parenting, autism was interpreted as 
a defense against anxiety, arising from a failure of the first object relations. This 
model, however, was not broadly accepted everywhere, and in the Anglo-Saxon 
countries psychoanalytic hypotheses never found wide scientific credit. Bernard 
Rimland, an American psychologist father of an autistic child, revolutionizes the 
approach to this disease, arguing that the problem was not to be found in the “par-
ents” of the child, but rather in an organic cause: it was 1960. Since then different 
theories have started being processed; among them the socio-affective theory of 
mind and the executive function theory; the input to the search of a matrix within 
the neurobiological disorder began to materialize.

The neurobiological research in the area of ASD starts with the “Theory of So-
cio-Affective” (Hobson 1993). This research area was aimed at defining the charac-
teristics of mental functioning autistics, from which the behaviours that characterize 
the clinical picture should be derived. According to this theory, the autistic child 
has an innate inability, biologically determined (the existence of brain structures 
responsible for processing of social stimuli are assumed), to interact with other 
people emotionally. The absence of this empathy is not referential (Hobson and 
Lee 1989) or primary inter-subjective (Trevarthen and Aitken 2001): it is due to a 
sort of cascade reaction leading to an inability to learn and/or recognize the mental 
states of others, to impaired symbolization, to the deficit of language and of social 
interaction.

Other assumptions in this research direction limit their attention to the so-called 
central coherence and executive function. Central coherence refers to the ability to 
synthesize into a coherent whole the various experiences that affect senses in a frag-
mented way (Frith and Happé 1994). A weakness of this aspect would therefore be 
to remain at parceled experiential data, not allowed to grasp the ultimate meaning 
of each stimulus, just as in autism. The concept of executive function is also very 
similar to the previous (Bennetto et al. 1996). Indeed, there are skills that are crucial 
in the organization and planning of behaviours for the resolution of problems. This 
refers to the ability to activate an area of mental work, mentally formulate a plan 
of action, not to be rigidly anchored in the perceptual data, to inhibit impulsive 
responses and to be attentive to the feedback information in order to move flexible 
attention to the various aspects of the context. It is clear that a deficiency of these 
aspects leads precisely to events like impulsiveness, inability to inhibit appropri-
ate responses, hyper-selectivity, remaining anchored to detail and perseverance: all 
these aspects are peculiarly close to autism.

The theory of mind (Baron-Cohen et al. 2000) was formulated in the eighties; it 
assumes that the child begins to acquire the ability to reflect on emotions, desires 
and beliefs about self and others at 4 years of age. If this does not happen, the child 
does not gain the ability to predict the behaviour of others, and will not be able 
to accomplish the level of “meta-representations” (does not know how to think 
that other people think and what they think). This translates into hyper-selectivity, 
repetitiveness, rigidity and perseveration and will possibly affect the area of social 
interaction and communication. The recent discovery of the mirror system (Cat-
taneo et al. 2007) suggests a “physiological” explanation to this theory. The mirror 
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system is a neural system present in humans and non-human primates useful for 
understanding imitation and the intentions of others. The organization of intentional 
motor chains in children with typical development and with autism, by means of 
electromyography (EMG) was investigated; it was demonstrated that the intentional 
chains are altered in autistic children (Cattaneo et al. 2007). The high-functioning 
autistic children understand the intentions of others cognitively, but lack a mecha-
nism allowing direct and immediate experiential understanding of the action. High 
functioning autism is, in fact, characterized by preserved intelligence and general 
cognitive functioning accompanied by deficits in social interaction and communi-
cation, as well as repetitive and restrictive behaviour.

As a matter of fact, the causes of ASD are still unknown. Other hypotheses in-
clude genetics, obstetric complications, infection and toxic exposures (Larsson 
et al. 2005; Lawler et al. 2004; Constantino et al. 2010). None of these, however, 
has been established as a definite aetiological agent.

Familial factors influence the risk for autism spectrum disorder. The rate of 
ASD in children born into families that already have an affected child is as high as 
18.7 %, and the risk is twice as high in children born into families with two or more 
affected children (Ozonoff et al. 2011). Girls born into a family that has a sick child 
with an ASD will have 2.8 more times the risk of having such a disorder (Ozonoff 
et al. 2011). Twin studies have demonstrated a moderate degree of genetic heritabil-
ity for ASD (Abrahams and Geschwind 2008, 2010; Hallmayer et al. 2011), with 
environment making a substantial contribution to the development of these condi-
tions in the study subjects (Hallmayer et al. 2011). It was noticed that identical twins 
have a higher probability (concordance rate higher than 60 %) of both being autistic 
compared to non-identical twins, and that heterozygous parents of an affected child 
have a recurrence rate of having a second child with an ASD that varies between 2 
and 8 %, in contrast to the prevalence in the general population that is around 3 %. 
Family members of patients who have similar though faded behavioural character-
istics were also identified. Finally, the presence of a secondary or syndromic autism 
associated with genetically determined diseases such as Tuberous Sclerosis, Fragile 
X Syndrome, and Neurofibromatosis is significant, thus confirming the influence of 
the genetic component in the onset of the disorder (Muhle et al. 2004).

The results of the screening of the human genome have shown the presence of 
different susceptibility loci on different chromosomes, in particular the 2, 7, 16 and 
17. Obtained data suggest the interaction of at least ten genes in the aetiology of 
autism. In practice, the evidence that there is no “one-gene” autism is strong; quite a 
number of genes, however, contribute to a vulnerability to the onset of the disorder. 
Karyotype analysis also showed deletions and/or duplications in the long arm of 
chromosome 15 and 22 (Borgatti et al. 2001).

Many individuals with autism and related conditions experienced untoward 
events in their prenatal and neonatal periods and during delivery (Brasic and Hol-
land 2006, 2007; Brasic et al. 2003; Glasson et al. 2004). It is unclear whether 
the obstetric complications caused autistic disorder or whether autism and obstetric 
complications resulted from environmental or other problems. In particular, the con-
sumption of valproate or thalidomide during pregnancy leads to brain abnormalities  
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that include the absence of the motor nuclei of cranial nerves and a reduction of the 
“brainstem” (Narita et al. 2002).

It can therefore be said that no significant association between pathogenic noxae, 
maternal medical conditions such as pregnancy, childbirth or other problems related 
to environmental factors and autism has been demonstrated.

Some studies (Gillberg et al. 1990, 1992; Gillberg and Coleman 1992) have 
shown a higher incidence of perinatal diseases in populations of individuals with 
autism compared to control groups; this reinforces the hypothesis that subjects with 
genetically determined disorders have a low power to be born, that predisposes 
them to a perinatal pre-suffering.

Both paraoxonase (directed against the diazoxon, one of the major components of 
organophosphates) and arylesterase (antioxidant role against LDL) activities, with 
particular relevance to the second, are reduced in the course of autism (D’Amelio 
et al. 2005). The paraoxonase is an enzyme encoded by the PON1 gene, synthesized 
by the liver and transported in the plasma bound to HDL. The interesting fact is that 
the measurement of arylesterase activity, together with the characterization of poly-
morphism in the PON1, allows distinguishing autism from controls and controls 
by parents, the last appearing as a “healthy carrier” of the pathology. Therefore, 
the implementation of this simple biochemical/genetic test could provide a distinc-
tion between affected and unaffected subjects. It is very interesting, however, that 
a similar enzyme activity reduction has been detected in humans and in animal 
models, only in the course of viral infection accompanied by an intense immune 
reaction (Lenten et al. 2002; Kilic et al. 2005; Parra et al. 2007). These results are 
in keeping with another important pathogenetic hypothesis of autism: the connec-
tion with a deregulated immune system (more data in Chap. 9). The various gene 
associations, initially interpreted as linked to neurodevelopment, could instead be 
mediated in whole or at least in part by the immune system. This applies, for ex-
ample, to the MET gene (7q31), which encodes a receptor tyrosine kinase, involved 
in the growth and maturation of neocortex and cerebellum, immune function and 
repair in the gastrointestinal tract, and which levels appear reduced in patients with 
autistic disorder (Campbell et al. 2006, 2007). Interestingly, a correlation between 
the presence of macrocephaly and a previous history of allergic disorders/immunity 
was shown (Sacco et al. 2007).

Attention was placed on the relationship between vaccination and the onset of 
some autistic behaviours. At present, however, there are no data to suggest that any 
vaccine increases the risk of developing autism or any other disorders of behaviour, 
nor it is established whether the risk of occurrence of this framework is related to 
the vaccine itself and its action on the immune system or to the salt of ethylmercury 
used as a preservative in the preparation of vaccines (Bernard et al. 2002).

Meta-analyses of epidemiologic studies have shown that autism risk in offspring 
increases with the advancing age of either parent. Sandin et al. reported that the ad-
justed relative risk for autism was 1.52 in the offspring of mothers aged 35 years or 
older compared with mothers aged 25–29 years (Sandin et al. 2012). Hultman et al. 
found that offspring of men aged 50 years or older were 2.2 times more likely to 
have autism than offspring of men aged 29 years or younger (Hultman et al. 2011).
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A final consideration has to be made about the circadian rhythms of people with 
autism, which often are altered when compared to those of unaffected subjects. 
Among sleep disorders, the noise of falling, as well as nocturnal awakenings, rest-
less and disturbed sleep, are particularly common anamnestic data to be collected. 
This appears to be linked to a deficiency of the hormone melatonin, which produc-
tion depends on the suprachiasmatic nucleus, and that is responsible for alternating 
sleep/wakefulness. It was shown that the ASMT gene, encoding the last enzyme in 
the synthetic pathway of melatonin, is deleted in some autistic individuals (Taft and 
Cohen 1971; Wakefield et al. 1998).

Consistent data on associated gastrointestinal symptoms and increased intestinal 
permeability have been reported in the literature. An inflammatory bowel disease, 
named “autistic enterocolitis”, characterized by a chronic ileo-colitis with ileal lym-
phoid nodular hyperplasia associated with a high degree of systemic framework 
complicated by signs of immunodeficiency and autoimmunity, was reported for the 
first time by Wakefield et al. more than 10 years ago (Bernard et al. 2002; Wake-
field et al. 1998). The most common associated symptoms, variously depending on 
the subject, are constipation, diarrhoea with steatorrhoea and macroscopic signs of 
malabsorption, alternating bowel with constipation/diarrhoea, intestinal dysbiosis, 
abdominal distension, digestive enzyme insufficiency, gastro esophageal reflux, 
vomiting food, abdominal pain, mega rectum, pathological thinness with a reduc-
tion in lean body mass, poor weight gain (Buie et al. 2010). The presence of such 
GI involvement could explain certain peculiar clinical conditions (antalgic posi-
tions, abdominal peculiar position, evacuative atypical with increased abdominal 
pressure, disimmunity with particular sensitivity to gastrointestinal infections) or 
eating habits (anorexia/food selection on the basis of consistency, fluid intake, au-
toredox dairy/carbs), that in the past were described as common stereotypes related 
to the pathology on a neuropsychiatric basis. In patients with autistic enterocolitis, 
high activation of IL-2, IL-8 and M-CSF is present as compared to healthy controls 
(Jyonouchi et al. 2001; Gupta et al. 1998). It has been demonstrated that the signal 
of cytokines gene activation occurs only in the GALT (gastrointestinal associated 
lymphoid tissue) and therefore the gut is the main source of onset of the immune 
cascade. Recent studies have confirmed that the intestinal pathology can be a source 
of toxic or immunological damage to the brain during development (Coury et al. 
2012). This possibility is reinforced when a leaky barrier condition is present, as 
demonstrated by altered intestinal permeability (De Magistris et al. 2010, 2013).

The abnormal activation of innate immune response (not antigen-specific) was 
shown in some autistic patients. This may represent an inflammatory reaction sec-
ondary to the cerebral innate immune system following stimulation that occurred 
elsewhere. Vargas and colleagues identified this locus in leptomeninge and in the 
choroid plexus; the detection of differences, both qualitatively and quantitatively, 
were obtained examining the cytokine profile of extracts of brain tissue samples 
and cerebrospinal fluid (Coury et al. 2012. The reasons for these differences remain 
unresolved; the main hypothesis is that the gut is the main source of activation of 
the immune system genes which effect could include remote activation mechanisms 
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of the innate immune system in the brain, contributing to the onset of psychiatric 
symptoms characteristic of ASD.

The results of the studies reported above, taken together, make it possible to 
envisage autism as the result of a disconnection of distant brain areas; these could 
arise from genetic mutations and chromosomal rearrangements, which directly in-
terfere with synaptogenesis, or result from an early and abnormal activation of the 
immune system starting from either the nervous system or the digestive tract, or 
both. The reasons for widespread development of ASD remain, unfortunately, an 
open chapter giving strong reasons to continue investigating.

1.5  Social Impact

For an individual, the impact of having autism is that they often experience failure 
in school, social and work situations. This leads to lack of confidence and low self-
esteem. For many, it leads to high anxiety, depression and mental health difficulties. 
Many people with autism are also very vulnerable to abuse because of their social 
deficit. Being bullied and taken advantage of by so-called “friends” is not unusual. 
Caring for an autistic child or young adult can be a tremendous emotional, financial 
and physical strain with a dramatic influence in society.
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Abstract In this chapter, we review existing prevalence estimates for autism spec-
trum disorders (ASDs) since 2000 and discuss methodological factors impacting the 
estimation of prevalence and the interpretation of changes in prevalence estimates 
over time. Possible explanations for an increase in the prevalence of ASD within 
and across populations are considered. Increases in ASD diagnostic rates cannot 
currently be attributed to a true increase in the incidence of ASD due to multiple 
confounding factors. It remains to be seen how changes to diagnostic criteria intro-
duced in the DSM-5 will impact estimates of ASD prevalence going forward.

Keywords Epidemiology · Prevalence · Autism

2.1  Introduction

Epidemiological surveys of autism were first initiated in the mid-1960s in Eng-
land (Lotter 1966, 1967) and have since been conducted in over 20 countries. In 
this chapter, we provide a comprehensive review of the findings and methodologi-
cal features of published epidemiological surveys about the prevalence of autism 
spectrum disorders (ASDs1). This chapter builds upon previous reviews (Elsabbagh 
et al. 2012; Fombonne 2003a, 2005; Fombonne et al. 2011; French et al. 2013; Hill 
et al. 2014; Williams et al. 2006) and includes the results of pertinent studies since 
published. The specific questions addressed are: (1) What is the range of prevalence 

1 Autism spectrum disorder (ASD) is the modern term that replaces the former pervasive devel-
opmental delay (PDD).
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estimates for ASDs?, and (2) How should the time trends observed in the current 
prevalence rates of ASDs be interpreted?

2.1.1  Study Design and Methodological Issues

Epidemiologists use several measures of disease occurrence including incidence, 
cumulative incidence, and prevalence. Prevalence is a measure used in cross-sec-
tional surveys (in which there is no passage of time) and reflects the proportion of 
subjects in a given population who suffer from the disease at that point in time. 
Most epidemiological studies of ASDs have assessed prevalence (point prevalence 
or period prevalence) as a cross-sectional approach is more appropriate for disor-
ders where timing of diagnosis lags behind the onset of symptoms and is likely to be 
influenced by a range of factors unrelated to risk. In designing a prevalence study, 
three elements are critical: case definition, case identification (or case ascertain-
ment), and case evaluation methods (Fombonne 2007).

2.1.1.1  Case Definition

The definition and diagnostic criteria of autism has changed over time. Starting with 
Kanner’s definition of autism (1943), case definitions have progressively broad-
ened to include criteria proposed by Rutter (1970), and subsequently the Interna-
tional Classification of Diseases, ninth revision (ICD-9; World Health Organization 
1977); the Diagnostic and Statistical Manual of Mental Disorders, third edition 
( DSM-III; American Psychiatric Association 1980; DSM-III-R, American Psychiat-
ric Association 1987), until two recent nosographies were adopted worldwide; ICD-
10 (World Health Organization 1992) and the Diagnostic and Statistical Manual of 
Mental Disorders, fourth edition ( DSM-IV, American Psychiatric Association 1994; 
DSM-IV-TR, American Psychiatric Association 2000).

Early diagnostic criteria reflected the more qualitatively severe behavioral phe-
notypes, usually associated with severe delays in language and cognitive skills. In 
the 1980s less severe forms of autism were recognized, either as a qualifier for 
autism occurring without intellectual disability (i.e., high-functioning autism), 
or as separate diagnostic categories (e.g., pervasive developmental disorders not 
otherwise specified [PDD-NOS], or ASD). Asperger’s disorder appeared in the 
1990s, with unclear validity, particularly with respect to its differentiation from 
high-functioning autism. Some ASD subtypes that were described in DSM-III sub-
sequently disappeared (e.g., Autism-Residual State); however, other nomenclatures 
have since added new diagnostic categories, such as “atypical autism” and “PDD 
unspecified” (ICD-10).

The changes now occurring with the introduction of Diagnostic and Statistical 
Manual of Mental Disorders, fifth edition ( DSM-5; American Psychiatric Associa-
tion 2013), may impact prevalence estimates in the future. DSM-5 proposes a single 
new category of ASDs, conceptually equivalent to the previous diagnostic class of 



152 Epidemiology of Autism Spectrum Disorders

PDDs. However, fewer diagnostic criteria have been retained that are combined in 
two clusters of social communication deficits, and restricted patterns of behaviors 
and interests. The removal of the loosely defined PDD-NOS that was in DSM-IV-
TR (American Psychiatric Association 2000) will likely increase the specificity of 
the ASD diagnostic category, and the removal of Asperger disorder as a separate 
category is consistent with the research that has generally failed to provide evidence 
for the discriminant validity of this diagnostic concept vis-à-vis the forms of autistic 
disorder that are not associated with severe language impairments or intellectual 
deficits.

The impact of DSM-5 changes remains to be fully assessed in the context of 
epidemiological surveys. Two recent population-based surveys have addressed this 
issue. Maenner and colleagues (2014) retrospectively applied the new diagnostic 
criteria to a previously obtained population-based sample from the Centers for Dis-
ease Control and Prevention (CDC) 2006 and 2008 surveillance years. They found 
that 81.2 % of children classified as having ASD according to DSM-IV-TR (Ameri-
can Psychiatric Association 2000) also met DSM-5 criteria (American Psychiatric 
Association 2013), resulting in a DSM-5 based prevalence of 100/10,000—an esti-
mate lower than the CDC 2006 and 2008 estimates. In addition, 304 children met 
DSM-5 but not DSM-IV-TR. In a similar study, Kim and colleagues (2014) reported 
that 92 % of children with ASD according to DSM-IV-TR also met DSM-5 criteria. 
However, when DSM-5 ASD and social communication disorder (SCD; a new di-
agnostic category in DSM-5) were considered together, there was no significant 
change in the prevalence estimate (Kim et al. 2014). It is important to note that new 
diagnostic information required in DSM-5 (e.g., emphasis on sensory processing 
deficits) is generally not available in prior studies, leading to potentially biased 
estimates. Additionally, previous studies are often constrained in sampling children 
with a DSM-IV PDD diagnosis and cannot therefore accurately estimate the propor-
tion of children who did not meet the criteria for DSM-IV yet would have met those 
for DSM-5.

While there is currently high reliability overall regarding diagnosis of ASDs and 
commonality of concepts across experts, differences still persist between nomen-
clatures about the terminology and operationalized criteria of ASDs. It is unclear 
to what extent the changing nomenclature of ASDs plays a role in prevalence esti-
mates described in epidemiological studies. More studies are on their way that will 
provide further examination of the impact on prevalence estimates of narrowing the 
ASD definition in DSM-5.

2.1.1.2  Case Identification/Ascertainment

When a population is identified for a survey, different strategies are employed to 
find individuals matching the study’s case definition. Some studies rely solely on 
service provider databases (Chien et al. 2011; Croen et al. 2002; Davidovitch et al. 
2013), special education databases (Fombonne et al. 2006; Gurney et al. 2003; 
Lazoff et al. 2010; Maenner and Durkin 2010), or national registers (Al-Farsi et al. 
2011; Parner et al. 2012; Samadi et al. 2011) for case identification. These studies 
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have the common limitation of relying on a population group that was readily acces-
sible, rather than sampling from the population at large. As a result, individuals with 
the disorder who are not in contact with services are not included as cases, leading 
to an underestimation of prevalence. This limitation is particularly problematic in 
communities with recognized limitations in available services.

Other investigations have relied on a multistage approach to identify cases in un-
derlying populations (Centers for Disease Control and Prevention 2012; Idring et al. 
2012; Kim et al. 2011). In these studies’ first screening stage, a wide net is cast to 
identify subjects possibly affected with ASD, with the final diagnostic status being de-
termined at subsequent stages. This process often consists of sending letters or screen-
ers to school and health professionals, searching for the possible cases of autism. Few 
such investigations rely on systematic sampling techniques that would ensure a near 
complete coverage of the target population, and screening often varies substantially in 
ascertainment of all relevant data sources. Additionally, surveyed areas often differ in 
terms of specific educational or health care systems available, and inclusion informa-
tion sent often varies in reliability and validity. Finally, uneven participation rates in 
the screening stage can lead to variation in the screening efficiency of surveys.

To illustrate how differential participation in the screening stage affect preva-
lence estimates, two hypothetical scenarios are illustrated in Fig. 2.1, both of which 
are based on a true ASD prevalence of 150/10,000 and a sensitivity of 100 % for 

−

Fig. 2.1  Assuming a true ASD prevalence of 150/10,000 and a sensitivity of 100% for the screen-
ing process and total accuracy in the diagnostic confirmation, weighting back phase 2 data results 
in an unbiased prevalence estimate when caseness is unrelated to participation in screening (Sce-
nario A), but when participation in screening is more likely for ASD cases than for non-cases 
(Scenario B), prevalence will be overestimated (see discussion in text)
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the screening process and total accuracy in the diagnostic confirmation. In Scenario 
A, we assume 60 % participation for ASD and non-ASD cases in the first screening 
stage, resulting in 90 participating ASD cases that screen positive. With 70 % par-
ticipation for both ASD and non-ASD cases in the diagnostic stage, we would iden-
tify and confirm 63 ASD cases in the second phase. Weighting back phase 2 data, 
we would obtain an unbiased prevalence estimate of 1.5 % (or 150/10,000) in this 
scenario. In Scenario B, we also assume 60 % overall participation, but with an 80 % 
participation rate for ASD cases, reflecting a scenario in which individuals with 
ASD are more likely to participate in the first screening stage than non-ASD cases. 
Thus, with the same participation rates in the first screening (60 %) and final diag-
nostic stages (70 %), we identify 84 ASD cases and calculate a biased prevalence 
estimate of 2 % (200/10,000), an estimate that is 0.5 % higher than true prevalence. 
The bias arises for two reasons: (1) participation in screening is associated with case 
status (here, with ASD cases more likely to participate than non-cases); and (2) as 
investigators typically have no such information, weights used for prevalence esti-
mation were not adjusted correspondingly, resulting in the upward bias.

It is also possible that individuals with ASD participate less than non-cases, 
which would result in underestimates of prevalence. For example, Posserud and col-
leagues (2010) reported the ASD prevalence of 72/10,000 in their identified sample 
and estimated a prevalence of 128/10,000 in no responders (based on teacher ratings 
during the screening phase), indicating increased refusal rates among those with 
more ASD symptoms. Unfortunately, few studies have been able to estimate the ex-
tent to which willingness or refusal to participate is associated with final caseness, 
so it is not known what effect differential participation rates at different phases in 
population surveys may have on prevalence estimates.

The sensitivity of the screening methodology is difficult to gauge in autism sur-
veys, as the proportion of children truly affected with the disorder but not identified 
in the screening stage (false negatives) remains generally unmeasured. Few studies 
provided an estimate of the reliability of the screening procedure. The usual ap-
proach, which consists of randomly sampling screen-negative subjects to adjust 
estimates, has not been generally used, mainly due to the relatively low frequency 
of ASD, which makes such a strategy both imprecise and costly.

As an example, the surveys conducted by US CDC (2007a, 2007b, 2009, 2012, 
2014) rely, for case ascertainment, on scrutinizing educational and medical records. 
Children not accessing such services cannot be identified. Although some recent 
surveys that systematically screen the normal school population might detect a large 
pool of unidentified cases (Kim et al. 2011), it remains to be seen if this applies to 
most populations and requires change in sampling approaches for surveying au-
tism. Of note, the CDC methodology identifies ASD cases without prior official 
ASD diagnosis (21 % of identified cases in 2008; Centers for Disease Control and 
Prevention 2012), suggesting that underidentification is a widespread phenomenon.

Since more recent prevalence studies suggest that autism can no longer be re-
garded as rare, screening for false negatives may become a more common strategy. 
Currently, however, prevalence estimates must be understood as underestimates of 
“true” prevalence rates, with the magnitude of this underestimation unknown in 
each survey.
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2.1.1.3  Case Evaluation

When the screening phase is completed, subjects identified as positive go through 
a more in-depth diagnostic evaluation to confirm case status. Similar consider-
ations about methodological variability across studies apply in more intensive as-
sessment phases. The information used to determine diagnosis usually involves a 
combination of data from informants (parents, teachers, pediatricians, other health 
professionals, etc.) and data sources (medical records, educational sources), with a 
direct assessment of the person with autism being offered in some but not all stud-
ies. When subjects are directly examined, assessments typically use various diag-
nostic instruments, ranging from a typical unstructured examination by a clinical 
expert (but without demonstrated psychometric properties) to the use of batteries 
of standardized measures by trained research staff. The Autism Diagnostic Inter-
view-Revised (ADI-R; Lord et al. 1994) and/or the Autism Diagnostic Observation 
Schedule (ADOS; Lord et al. 2000) have been increasingly used in the most recent 
surveys (Table 2.1).

Obviously, surveys of large populations, such as those conducted by the CDC 
(2007a, 2007b, 2009, 2012) or in national registers (Idring et al. 2012), cannot in-
clude direct diagnostic assessment of all subjects by researchers. However, investi-
gators generally improve the accuracy of caseness determinations by undertaking, 
on a randomly selected subsample, a more complete diagnostic workup (Rice et al. 
2007). The CDC surveys have established a methodology for surveys of large popu-
lations based on the screening of the population using multiple data sources, stan-
dardized records abstraction, and systematic review and scoring of the data gathered 
in the screening phase. In the less obvious cases, this information is combined with 
input from experienced clinicians with known reliability and validity. This meth-
odology is adequate for large samples, and is likely to be used in the future for 
surveillance efforts.

2.2  Systematic Review of Prevalence Estimates

2.2.1  Search Strategies

Keeping in mind the range and limitations of case definition, identification, and 
evaluation methods employed in epidemiological surveys, we present the results 
of epidemiological reports conducted since 2000 in Table 2.1. These reports were 
identified from previous reviews of epidemiological surveys (Elsabbagh et al. 2012; 
Fombonne 2003b, 2003a, 2005, 2009a; Fombonne et al. 2011; French et al. 2013; 
Williams et al. 2006) and through systematic searches using major scientific litera-
ture databases (Medline, PsycINFO, Embase, PubMed). Where multiple surveys 
based on the same or overlapping populations were evident, the publication listed is 
the most detailed and comprehensive account. For example, surveys conducted by 
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the CDC (2007a, 2007b, 2009, 2012, 2014) as part of the autism and developmental 
disabilities monitoring (ADDM) network are each included in the table, although 
additional accounts for individual states are available elsewhere (Nicholas et al. 
2008; Pinborough-Zimmerman et al. 2012; Rice et al. 2010; Zahorodny et al. 2014).

2.2.2  Inclusion and Exclusion Criteria

The following criteria were set to select epidemiological surveys included in  
Table 2.1:

• The full article was published in English.
• The minimum population was 5000.
• The survey included independent validation of caseness by professionals. In ad-

dition, surveys that imposed further non-ASD criteria were excluded.
• The following information categories were included or could be ascertained 

based on information from the survey: country and area where the survey was 
conducted, size of the population for which the prevalence estimate was ascer-
tained, age range of participants, number of children affected, diagnostic criteria 
used in case definition, and prevalence estimate (number per 10,000). Where 
available, we also report the proportion of subjects with intelligence quotient 
(IQ) within the normal range and gender ratios.

2.2.3  Prevalence Estimates for Combined ASDs since 2000

The results of the 53 surveys that estimated the prevalence of the whole spectrum of 
ASDs are summarized in Table 2.1. All selected surveys were published since 2000, 
with the majority (55 %) published in 2009 or later. The studies were performed in 
18 different countries (including 14 in the UK and 12 in the USA, of which 5 were 
conducted by the CDC). Sample sizes ranged from 5007 to 4.5 million (median: 
58,654; mean: 346,776). Ages of the surveyed populations ranged from 0 to 98 
(median: 8; mean: 9). One study was specifically conducted on adults and provided 
the only estimate (98.2/10,000) thus far available for adults (Brugha et al. 2011). 
Two surveys focusing on toddlers (Nygren et al. 2012) and preschoolers (Nicholas 
et al. 2009) provided estimates of approximately 80 per 10,000. In the 50 remaining 
surveys, the average median age was 8.23 years ( SD = 2.8).

The diagnostic criteria used in 53 studies reflected the reliance on modern diag-
nostic schemes (11 studies used ICD-10, 25 the DSM-III, DSM-IV, or DSM-IV-TR; 
both schemes being used simultaneously in 9 studies). Assessments were often per-
formed with standardized diagnostic measures (i.e., ADI-R and ADOS). In 26 stud-
ies where IQ measures were reported, the proportion of subjects within the normal 
IQ range varied from 0 to 100 % (median: 55.4 %; mean: 53.9 %), a proportion that 
reflects the lesser association, or lack thereof, between intellectual impairment and 
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milder forms of ASDs. Overrepresentation of males was seen in the 47 studies re-
porting gender ratios, with male/female ratio ranging from 1.8:1 to 15.7:1 (median: 
4.5:1; mean: 4.9:1).

There was a 189-fold variation in ASD prevalence, ranging from 1.4/10,000 to 
264/10,000 (see Fig. 2.2). There was also substantial variation in confidence in-
terval width, reflecting variation in sample sizes and consequently in each study’s 
precision (range: 0.5–146; mean interval width: 22.4). However, some consistency 
in ASD prevalence is found in the center of this distribution, with a median rate of 
61.9/10,000 and a mean rate of 68.9/10,000 (interquartile range: 44.2–84.0/10,000). 
Prevalence was negatively associated with sample size (Kendall’s tau: − 0.23, 
p = 0.01), with small-scale studies reporting higher prevalence.

There was also a significant positive correlation between ASD prevalence es-
timates and publication year (Kendall’s tau: 0.26, p = 0.007), with higher rates in 
more recent surveys. Eight studies since 2000 reported ASD prevalence estimates 
higher than 100/10,000 (Baird et al. 2006; Centers for Disease Control and Preven-
tion 2012; Idring et al. 2012; Kawamura et al. 2008; Kim et al. 2011; Ouellette-
Kuntz et al. 2006; Saemundsen et al. 2013). Baird et al. (2006) and Kim et al. (2011) 
both employed proactive case finding techniques, relying on multiple and repeated 
screening phases, involving both different informants at each phase and survey-
ing the same cohorts at different ages, which certainly enhanced the sensitivity of 
case identification. Multisource active surveillance techniques, as employed in the 
Stockholm Youth Cohort (Idring et al. 2012) and by the CDC’s ADDM Network 
(2012, 2014), also improve identification of individuals with ASD. The most recent 

Fig. 2.2  Prevalence estimates for ASD since 2000 (per 10,000 with 95 % confidence intervals; 
also see Table 2.1). The dashed vertical line denotes the mean prevalence of 69/10,000 across all 
53 surveys
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CDC prevalence estimate of 147 per 10,000 reflects the highest estimate to date 
across all of the previous ADDM Network reports (Centers for Disease Control and 
Prevention 2014).

Overall, results of recent surveys agree that an average figure of 69/10,000 can 
be used as the current estimate for the spectrum of ASDs. The convergence of es-
timates around 60 to 90 per 10,000 for all ASDs combined, conducted in different 
regions and countries by different teams, is striking especially when derived from 
studies with improved methodology. The prevalence figure of 69/10,000 (equiva-
lent to 6.9/1000 or.69 %) translates into 1 child out of 145 with an ASD diagnosis. 
This estimate is now the best current estimate for the ASD prevalence. However, 
it represents an average and conservative figure, and substantial variability exists 
between studies and within studies, across sites or areas.

2.3  Time Trends in Prevalence and Their Interpretation

The debate on the hypothesis of a secular increase in rates of autism has been ob-
scured by a lack of clarity in the measures of disease occurrence. As noted previ-
ously, it is crucial to differentiate prevalence from incidence, since only incidence 
rates can be used for causal research, and prevalence and incidence will increase 
when case definition is broadened or case ascertainment is improved. Moreover, 
epidemiological surveys of ASDs possess unique design features that could account 
almost entirely for between-study variation in prevalence estimates, making time 
trends even more difficult to gauge. Time trends in prevalence estimates can there-
fore only be evaluated in investigations that hold methodological parameters under 
strict control over time. Such requirements must be considered when reviewing 
evidence for a secular increase in rates of ASDs, or testing for the “epidemic” hy-
pothesis.

The epidemic hypothesis emerged in the 1990s when, in most countries, increas-
ing numbers were diagnosed with ASDs leading to an upward trend in children 
registered in service providers’ databases that was paralleled by higher prevalence 
rates in epidemiological surveys. These trends were interpreted as evidence that 
the actual population incidence of ASDs was increasing. However, because meth-
odological factors contribute to variability in prevalence estimates, these must be 
considered before concluding that there is a true rise in the number of children 
diagnosed with ASDs and include the following:

2.3.1  Use of Referral Statistics

Increasing numbers of children referred to specialist services or known to special 
education registers have been taken as evidence for increased ASD incidence. Such 
upward trends have been seen in many different countries (Gurney et al. 2003;  
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Lotter 1966; Shattuck 2006; Taylor et al. 1999), all occurring in the late 1980s and 
early 1990s. However, trends over time in referred samples are confounded by re-
ferral patterns, availability of services, heightened public awareness, decreasing age 
at diagnosis, and changes over time in diagnostic concepts and practices.

As an illustration, Fig. 2.3 contrasts two methods for surveying ASD using hy-
pothetical data: one based on sampling from the total population, and the other 
relying solely on service access counts. Here, assuming a constant incidence and 
prevalence of 100/10,000 between Time 1 and Time 2 (meaning there is no epi-
demic), population surveys at two time points result in prevalence estimates that 
are not only accurate but also stable over time, showing no prevalence change in 
the target population. However, if prevalence is estimated based only on service 
access counts where the number of ASD individuals accessing services increases 
from 20 to 60 % over time, prevalence would be underestimated at both time points, 
yet would appear to rise 200 % while the underlying true incidence and prevalence 
remained stable. Such a pattern of results was recently reported based on special 
education data in Wisconsin (Maenner and Durkin 2010), in which ASD preva-
lence rates were stable between 2002 and 2008 in school districts with initially high 
baseline prevalence rates (≈ 120/10,000), whereas school districts with low baseline 
rates experienced significant increases in prevalence (e.g., in one district rates rose 
from 5 to 70/10,000; corresponding to a 1300 % increase in 6 years). Failure to 
control for these confounding factors was obvious in previous reports (Fombonne 

Fig. 2.3  Assuming a constant incidence and prevalence of 100/10,000 between Time 1 and Time 
2 (meaning there is no “epidemic”), prevalence estimates that rely solely on service access counts 
not only underestimate the true prevalence but may also create the illusion of rising prevalence 
over time (see discussion in text)
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2001), including widely quoted reports from California Developmental Database 
Services (California Department of Developmental Services 2003).

Additionally, the decreasing age at diagnosis results in itself to increasing num-
bers of young children being identified in official statistics (Wazana et al. 2007) 
or referred to specialist medical and educational services. Earlier identification of 
children from the prevalence pool may therefore result in increased service activity 
that may lead to a misperception by professionals of an epidemic.

2.3.2  Diagnostic Substitution

Another possible explanation for increased prevalence in a diagnostic category is 
that children presenting with the same developmental disability may receive one 
particular diagnosis initially and another diagnosis subsequently. Such diagnostic 
substitution (or switching) may occur when diagnostic categories become increas-
ingly familiar to health professionals and/or when access to better services is en-
sured by using a new diagnostic category.

The strongest evidence of diagnostic substitution contributing to ASD preva-
lence increase was shown in a complex analysis of Department of Education Data in 
50 US states (Shattuck 2006), indicating that a relatively high proportion of children 
previously diagnosed with mental retardation (MR) were subsequently identified 
as having ASD. Shattuck showed that the odds of having ASD increased by 1.21 
during 1994–2003 while the odds of having learning disability (LD) (odds ratio 
[OR] = 0.98) and MR (OR = 0.97) decreased. Shattuck (2006) further demonstrated 
that the growing ASD prevalence was directly associated with decreasing preva-
lence of LD and MR within states, and that a significant downward deflection in the 
historical trajectories of LD and MR occurred when ASD became reported in the 
USA as an independent category in 1993–1994.

Using individual level data, a newer study reexamined the hypothesis of diag-
nostic substitution in the California department of developmental services dataset 
(King and Bearman 2009) and showed that 24 % of the increase in caseload was 
attributable to diagnostic substitution (from MR to ASD). It is important to keep 
in mind that other types of diagnostic substitution are likely to have occurred as 
well for milder forms of ASD. For example, children currently diagnosed with As-
perger’s disorder may be previously diagnosed with other psychiatric diagnoses 
(i.e., obsessive-compulsive disorder, school phobia, social anxiety, etc.) in clinical 
settings before the developmental nature of their condition was fully recognized 
(Fombonne 2009b).

2.3.3  Cross-Sectional Variability in Epidemiological Surveys

Evidence that method factors could account for most of the variability in pub-
lished prevalence estimates comes from a direct comparison of eight recent surveys  
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conducted in the UK and the USA (Fombonne 2005). In each country, four surveys 
were conducted around the same year and with similar age groups. As there is no 
reason to expect large variations in between-area differences in rates, prevalence 
estimates should therefore be comparable within each country. However, there was 
a 6-fold variation in rates for the UK surveys, and a 14-fold variation in the US 
rates. In each set of studies, high rates were found when intensive population-based 
screening techniques were employed, whereas lower rates were found in studies 
relying on passive administrative methods for case finding. Since no passage of 
time was involved, the magnitude of these gradients in rates is likely to reflect 
methodological differences.

Even more convincing evidence comes from the most recent survey by the CDC 
on 363,749 children aged 8 in 2010, where an average prevalence of 147/10,000 was 
reported across 11 US states (Centers for Disease Control and Prevention 2014). 
One striking finding in this report is the almost four-fold variation in prevalence 
rates by state (range: 57–219 per 10,000; see Fig. 2.4). Across individual states, 
Alabama had the lowest rate of 57/10,000, whereas New Jersey had the highest rate 
of 219/10,000 (Centers for Disease Control and Prevention 2014). Estimated ASD 
prevalence was significantly lower in states that had access to health data sources 
only compared to that of the states where educational data was also available (97.7 
versus 149 out of 10,000, respectively), a factor that is consistently associated with 
higher prevalence rates in the ADDM Network. It would be surprising if there were 
truly this much inherent state-to-state variability in the number of children with 

Fig. 2.4  Estimated prevalence of ASDs (with 95 % confidence intervals) among children aged 8 
years in the USA by ADDM site and type of records access in the 2010 surveillance year (CDC, 
2014). The dashed vertical line denotes the average prevalence estimate of 147/10,000 across all 
sites
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autism in the USA. Thus, these differences likely reflect ascertainment variability 
across sites in a study that was otherwise performed with the same methods, at the 
same time, on children of the same age, and within the same country.

2.3.4  Repeated Surveys in Defined Geographical Areas

Repeated surveys, using the same methodology and conducted in the same geo-
graphical area at different time-points, can potentially yield useful information on 
time trends if methods are kept relatively constant. The Göteborg studies (Gillberg 
1984; Gillberg et al. 1991) provided three prevalence estimates that increased over 
a short period of time from 4.0 (1980) to 6.6 (1984) to 9.5/10,000 (1988), the gradi-
ent being even steeper in urban areas only (Gillberg et al. 1991). However, com-
parison of these rates is not straightforward, as different age groups were included 
in each survey. Furthermore, increased prevalence was associated with improved 
detection among those with intellectual delays in the second survey, and with im-
proved detection of cases born to immigrant parents in the third survey, suggesting 
that migration into the area could be a key explanation. Taken in conjunction with 
a change in local services and a progressive broadening of the autism definition 
over time (Gillberg et al. 1991), findings provide weak evidence for increased au-
tism incidence. Similarly, studies conducted in Japan at different points in time in 
Toyota (Kawamura et al. 2008) and Yokohama (Honda et al. 2005; Honda et al. 
1996) showed rises in prevalence rates that their authors interpreted as reflecting 
the effect of both improved population screening of preschoolers and a broadening 
of diagnostic concepts and criteria.

Two separate surveys of children born between 1992 and 1995, and between 
1996 and 1998 in Staffordshire, UK (Chakrabarti and Fombonne 2001, 2005), were 
performed with rigorously identical methods for case definition and case identifi-
cation. The prevalence for combined ASDs was comparable and not statistically 
different in the two surveys (Chakrabarti and Fombonne 2005), suggesting no up-
ward trend in overall rates of ASDs, at least during the short time interval between 
studies.

2.3.5  Birth Cohorts

In large surveys encompassing wide age ranges, increasing prevalence among most 
recent birth cohorts could be interpreted as indicating a secular increase in ASD 
incidence, provided that alternative explanations can be confidently eliminated. 
This analysis was used in two large French surveys (Fombonne and Du Mazaubrun 
1992; Fombonne et al. 1997). The surveys included birth cohorts from 1972 to 1985 
(735,000 children, 389 of whom had autism). When pooling the data of both sur-
veys, age-specific rates showed no upward trend (Fombonne et al. 1997).
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However, data assessing birth cohorts can be problematic, as illustrated in 
Fig. 2.5, which shows an increase in the prevalence of ASD by year of birth across 
three hypothetical successive birth cohorts (a cohort effect; Fig. 2.5a). Within 
each birth cohort, followed longitudinally, prevalence increases as children age 
(Fig. 2.5b): for children in the 2000 birth cohort, based on previous ASD preva-
lence estimates, at age 6 prevalence is 20/10,000, whereas at age 12, we may expect 
prevalence of 80/10,000 for the same birth cohort. Increasing prevalence rates with 
age within birth cohorts is unlikely to reflect the onset of ASD in later childhood 
and early adolescence. It is more likely that observed increases in prevalence reflect 
underdiagnosis in the preschool years as well as changes in public awareness, ser-
vice availability, and diagnostic concepts and practices.

As an example, an analysis of special educational data from Minnesota showed 
a 16-fold increase in children identified with ASD from 1991–1992 to 2001–2002 
(Gurney et al. 2003). However, during the same time period, an increase of 50 % 
was observed for all disability categories (except severe intellectual deficiency); 
especially for the category including attention-deficit/hyperactivity disorder 
(ADHD). The large sample size allowed the authors to assess age, period, and co-
hort effects. Prevalence increased regularly in successive birth cohorts; for example, 
among 7-year-olds, prevalence rose from 18/10,000 among those born in 1989, to 
29/10,000 among those born in 1991, to 55/10,000 in those born in 1993. Within the 
same birth cohorts, age effects were also apparent since for children born in 1989 
the prevalence rose with age from 13/10,000 at age 6, to 21/10,000 at age 9, and 
33/10,000 at age 11. As argued by Gurney et al. (2003), this pattern is not consistent 
with the natural etiology of ASD, which first manifests in early childhood. Gurney 

a b
Fig. 2.5  Using hypothetical data, Figure 5a illustrates rising prevalence rates among 6-, 8-, and 
12-year-old children across three different birth cohorts. Prevalence rates also increase within birth 
cohorts as they age (Figure 5b), potentially coinciding with changes in patterns of referral, service 
availability, public awareness, and diagnostic concepts and practices (see discussion in text)
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et al.’s analysis also showed a marked period effect, where rates started to increase 
in all ages and birth cohorts in the 1990s. The authors noted that this phenomenon 
coincided closely with the inclusion of ASDs in the federal Individuals with Dis-
abilities Educational Act in the USA. A similar interpretation of upward trends had 
been put forward by Croen and colleagues (2002) in their analysis of the California 
department of developmental services data, and by Shattuck (2006) in his analysis 
of trends in US Department of Education data.

2.4  Conclusions

Epidemiological surveys of ASDs pose substantial challenges to researchers seek-
ing to measure rates of ASD, particularly given the range of case definition, case 
identification, and case evaluation methods employed across surveys. However, 
from recent studies, a best estimate of (69/10,000) (equivalences = 6.9/1,000 or 
0.69 % or 1 child in about 145 children) can be derived for the prevalence of ASD. 
Currently, the recent upward trend in rates of prevalence cannot be directly attrib-
uted to an increase in the incidence of the disorder, or to an epidemic of autism. Al-
though power to detect time trends is seriously limited in existing datasets, there is 
good evidence that changes in diagnostic criteria and practices, policies for special 
education, service availability, and awareness of ASDs in both the lay and profes-
sional public may be responsible for increasing the prevalence over time. It is also 
noteworthy that the rise in number of children diagnosed occurred concurrently in 
many countries in the 1990s, when services for children with ASD also expanded 
significantly. Statistical power may also be a significant limitation in most investi-
gations; thus, variations of small magnitude in ASD incidence may be undetected 
or should be interpreted with caution.

Nonetheless, the possibility that a true increase in the incidence of ASDs has 
also partially contributed to the upward trend in prevalence rates cannot, and should 
not, be completely eliminated based on the available data. To assess whether the 
incidence has increased, methodological factors that account for an important pro-
portion of the variability in rates must be stringently controlled for. New survey 
methods have been developed for use in multinational comparisons; ongoing sur-
veillance programs are currently underway and will soon provide more meaningful 
data to evaluate this hypothesis. Additionally, it remains to be seen how changes to 
diagnostic criteria introduced in the DSM-5 will impact the ASD prevalence esti-
mates going forward. Meanwhile, the available prevalence figures carry straight-
forward implications for current and future needs in services and early educational 
intervention programs.
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Abstract Autism spectrum disorder (ASD) is multifactorial and complex condi-
tion, with a marked genetic influence, as evidenced by the high heritability (around 
80–90 %). Additionally, both common and rare genetic variants have an influence 
on the etiology and development. Several genetic syndromes are described in ASD, 
and they are present in approximately 10 % of cases. Different genetic approaches 
are described in studies with ASD samples. Linkage studies mainly identify regions 
in chromosomes 2 and 7 which are involved in ASD. Genetic association studies, 
which aim to identify genes or genomic regions influencing ASD, involve the anal-
ysis of candidate genes or genome scan. The genes analyzed in these studies encode 
components related to neurotransmitter metabolism, neural migration, neuronal cell 
adhesion, apoptosis, and cell proliferation. Other methodologies have been used to 
complement genetic investigations, for example, exome and copy number variation 
(CNV) studies. Epigenetic studies indicate an important environmental influence on 
these disorders. The genetic evaluation of all patients with ASD is now required due 
to recent advances in knowledge regarding the genetic factors involved in the etiol-
ogy of autism. Definitions of key terms and concepts used throughout this chapter 
are presented in Fig. 3.1.

Keywords Epigenetics · Gene · Autism

3.1  Introduction

Autism spectrum disorder (ASD) is a classic example of a complex multifactorial 
condition (Betancur 2011). Specific genetic etiology can be identified in only about 
15 % of ASD cases, which includes genetic factors and neurological or metabolic 
changes (Fig. 3.1).

Family studies suggest that the risk of recurrence among siblings is between 2 
and 6 %, which represents a 20–75 times greater prevalence than in the general pop-
ulation (Levy et al. 2009; Newschaffer et al. 2007). The high heritability (around 
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80–90 % in most studies) indicates a marked genetic influence in ASD etiology. 
Studies involving twins have shown concordance rates ranging from 60 to 92 % 
among monozygotic twins and 0–10 % among dizygotic twins (Ronald and Hoek-
stra 2011). However, Hallmayer et al. (2011) suggested that autism heritability is 
only moderate (around 38 %) and that environmental factors have a significant in-
fluence on disease etiology. In this chapter, we will discuss the main genetic condi-
tions and mechanisms involved in the etiology of autism.

3.1.1  Genetic Models

The study of the influence of different genetic factors (including common and 
rare variants) on multifactorial disorders like ASD follows different genetic mod-
els. The most commonly applied model is the multifactorial polygenic model that 
involves the contribution of several genes and environmental factors with small 
effects (Abrahams and Geschwind 2008). However, the oligogenic model could 
also be applied to explain the origin of ASD in some of the cases in which a few 
genes with moderate effects act together. The assessment of ASD domains (e.g., 
social, communication, and restricted and repetitive activities) shows only a modest 
covariation among them: individuals with extreme scores for the domains do not 
necessarily have similar scores in other areas. Nonetheless, these data suggest that 
the genetic susceptibility to ASD and to its phenotypic presentation results from 
the influence of several genes and their interactions, as well as the involvement of 
environmental factors (Ronald et al. 2006).

Fig. 3.1  Definitions for key 
terms and concepts
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Family studies can also help the identification of unique genes with strong ef-
fects related to various aspects of the disease. Analysis of data from these studies 
indicated that some cases are associated with dominant de novo mutations (Abra-
hams and Geschwind 2008). These mutations appear to have a high penetrance in 
boys and low penetrance in girls, and also would act primarily in no familiar or 
sporadic ASD cases (Zhao et al. 2007). The identification of rare variants with a 
strong impact is extremely relevant to understanding ASD, and their phenotypic 
effect could be dependent on the genetic background in which rare variants occur 
(McClellan and King 2010).

The varied clinical manifestations present in ASD indicate that both common 
and rare genetic variants have an influence on its etiology and development. Based 
on current knowledge, the best genetic model for ASD should involve genetic anal-
ysis of more homogeneous subgroups sharing similar clinical characteristics. Ad-
ditionally, the independent heritability in autism central areas is also important and 
should not be ignored (Anney et al. 2012).

3.2  Syndromes

Some genetic abnormalities are identified and associated with known genetic disor-
ders, especially monogenic or chromosomal syndromes. However, until now, only 
around 10–15 % of ASD cases have been associated with known genetic factors. It 
is known that common biological bases, such as the disruption of molecular path-
ways and brain circuits, underlie different disorders, and this could explain the co-
morbidity of these syndromes with autism. Fragile X syndrome (FXS) is the most 
common, being identified in 3–5 % of ASD patients. Cytogenetic analyses may in-
dicate the presence of known syndromes, transpositions, deletions, insertions, or 
other chromosomal rearrangements. Studies have estimated the frequency of these 
abnormalities in an additional 10 % of ASD sufferers (Zafeiriou et al. 2013).

3.2.1  Fragile X Syndrome (FXS)

FXS is considered to be the most common known condition of a single gene as-
sociated with ASD, affecting up to 5 % of cases. FXS is caused by expansion of 
the CGG trinucleotide repetition in the 5ʹ-UTR region of the fragile X mental re-
tardation ( FMR1) gene (Wheeler et al. 2014; Steinberg and Webber 2013). The 
largest expansion of the CGG region—greater than 200 repetitions—is called a full 
mutation and it corresponds to FXS. Individuals with the FMR1 pre-mutation have 
a CGG expansion ranging between 55 and 200 repetitions (McCary et al. 2013). 
FXS is characterized by intellectual disorder, anxiety, hyperactivity/impulsivity, 
and high rates of autism symptoms. Approximately 90 % of male individuals with 
FXS display at least one autistic behavioral feature (Brock and Hatton 2010). The 
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prevalence of autism in FXS patients ranges from 15 to 52 % in different studies, 
depending on the diagnostic methods used (Zafeiriou et al. 2013).

The FMR1 gene encodes the fragile X mental retardation protein (FMRP), 
which has an essential role in synaptic plasticity because it regulates the transport 
of mRNA and the translation in the brain, as well as regulates different pathways 
associated with autism (Liu and Takumi 2014). Previous studies have suggested that 
almost half of the genes involved in autism may be target genes of FMRP, leading 
to the hypothesis of the important role of FMRP in synaptic plasticity and in the 
development of autistic characteristics (Iossifov et al. 2012; Darnell et al. 2011). 
The absence of FMRP leads to significant changes in cognitive functions, dendritic 
spine morphology, and intracellular signaling. Studies have shown that children 
with FXS and ASD concomitantly exhibit weaker social and communicative skills, 
lower adaptive behavior, greater behavioral problems, and greater cognitive impair-
ment than boys with FXS or idiopathic autism alone (Wheeler et al. 2014; Wolff 
et al. 2012).

3.2.2  Tuberous Sclerosis

Tuberous sclerosis complex (TSC) is an autosomal dominant disorder caused by 
inherited loss of function (30 %) or de novo (70 %) mutations in the TSC1 or TSC2 
genes (Ghosh et al. 2013). Both these genes act as inhibitors in the target pathway of 
rapamycin (mTOR), a key pathway that controls the local translation at the synapse 
(Ghosh et al. 2013; Liu and Takumi 2014). The mTOR enzyme is an essential com-
ponent of two complexes, mTORC1 and mTORC2, which play important roles in 
gene transcription, protein translation, and cell proliferation. Mutations in the TSC1 
or TSC2 genes lead to excessive mTOR activity, which may cause disruption of 
the synaptic plasticity, characterized by excessive glutamate activity (Gipson et al. 
2013).

TSC, one of the main causes of syndromic autism, is characterized by multi-
systemic hamartomas and debilitating neurological deficits, including seizures, 
intellectual disability, and ASD (Kothare et al. 2014). Autism has been reported 
in 26–61 % of individuals with TSC, with an average prevalence of 32 % (Gipson 
et al. 2013). Conversely, the prevalence of TSC among people with autism is 0–4 % 
(Fombonne 2003). People with TSC who develop ASD, display higher rates of intel-
lectual disability, infantile spasms, and temporal lobe epilepsy (Gipson et al. 2013).

3.2.3  Rett Syndrome

Rett syndrome (RTT, OMIM 312750) is a neurodevelopmental disorder that occurs 
in about 1 in every 10,000 girls born. Up until the publication of DSM-IV, it had 
been classified as a pervasive developmental disorder. With the clear identification 
of the mutation causing RTT, it was excluded as an ASD in DSM-5.
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RTT occurs most frequently in girls, although a small number of boys with the 
syndrome have been identified. Although approximately 95 % of RTT cases are 
caused by mutations in the methyl CpG-binding protein 2 ( MECP2) gene, there 
is a well-established phenotypic heterogeneity. Approximately 80 % of the clinical 
cases of RTT present the typical clinical picture. After a seemingly normal develop-
ment, at around 6–18 months of age, girls with RTT show neurological regression, 
lose their acquired cognitive, social, and motor skills, and develop autistic behavior 
accompanied by characteristic hand movements (Signorini et al. 2013). The autistic 
characteristics are typically temporary in RTT (Castro et al. 2013).

The nuclear protein MECP2 was initially associated with methylated DNA due to 
the binding of CpG islands (regions rich in guanines and cytosines). Additionally, a 
transcriptional repression domain that blocks the transcription of mRNA was identi-
fied in MECP2, which raised the initial hypothesis that MECP2 would only act as a 
regulating silencer of chromatin (Castro et al. 2013; Kishi and Macklis 2005). How-
ever, subsequent evidence has demonstrated a range of complex roles performed by 
MECP2. Besides also operating as a splicing modulator of RNA, MECP2 acts as a 
transcriptional activator by binding to the cAMP response element-binding (CREB) 
protein (Young et al. 2005; Chahrour et al. 2008) and playing a role in regulating 
the expression of microRNAs that are important for brain development and brain 
plasticity (Wu et al. 2010; Urdinguio et al. 2010). Studies have shown that through 
its different means of regulation, MECP2 is capable of indirectly controlling a range 
of molecules responsible for local protein synthesis and synaptic plasticity, which 
would be involved in RTT (Castro et al. 2013).

3.2.4  PTEN Hamartoma Tumor Syndrome (PHTS)

PTEN hamartoma tumor syndrome (PHTS) refers to a spectrum of disorders related 
to germline mutations in the homologous gene of phosphatase and tensin ( PTEN), 
which include Cowden syndrome, Bannayan–Riley–Ruvalcaba syndrome, Lher-
mitte–Duclos disease, and the ASD associated with macrocephaly (Pilarski et al. 
2013). The PTEN gene, which is located on chromosome 10, plays an important 
role in brain development. Studies indicate that germline mutations in this gene re-
sult in macrocephaly, seizures, and mental retardation (Lv et al. 2013). Subsequent 
biochemical studies have demonstrated that PTEN acts as a negative regulator of 
the phosphatidylinositol-3-kinase (PI3K)/AKT signaling pathway, which is an es-
sential pathway for regulating the growth, survival, and proliferation of cells. PTEN 
acts by offsetting the action of PI3K, thereby inhibiting the activation of AKT and 
indirectly suppressing the mTOR pathway. Abnormalities in the PI3K/AKT/mTOR 
pathway lead to neurological and psychiatric disorders such as brain tumors, au-
tism, and schizophrenia (Lv et al. 2013).

Studies on the frequency of PTEN mutations in patients with ASD indicate a 
variation of 1–17 %. It is possible that such discrepancies occur due to genetic varia-
tions among the populations of each study (Lv et al. 2013). Studies in mice have 
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confirmed that deletions in PTEN result in long-term changes in social behavior, 
repetitive behavior, locomotor activity, and anxiety, resulting in many behavioral 
characteristics of autism (Lugo et al. 2014).

Besides the aforementioned syndromes, many others can also occur concomi-
tantly with ASD. Table 3.1 presents a summary of the main syndromes associated 
with ASD.

3.3  Genetic Approaches

3.3.1  Linkage Studies

Linkage studies were a pioneering approach to the investigation of genetic factors 
in ASD. These studies evaluated families with individuals from different genera-
tions. The transmission of a chromosomal segment (locus) was verified from one 
generation to another, and cosegregation was sought between selected loci and the 
phenotype. This methodology allows identification of chromosomal regions, which 
may have more than one specific locus, thus suggesting the influence of different 
genes. The studies mainly identified regions in chromosomes 2 and 7, and also other 
regions in chromosomes 1, 5, 16, and 17 (Gupta and State 2006). More recently, 
other studies have indicated positive results in different regions in chromosomes 4, 
6, 11, 15, 20, and 22 (Freitag et al. 2010; Fradin et al. 2010; Liu et al. 2008; Weiss 
et al. 2009). The 7q region is an area of particular interest, since many chromosomal 
rearrangements have been identified and some genes have been related to brain ex-
pression and other known physiological functions, possibly involved in the pathol-
ogy of ASD (Gupta and State 2006).

3.3.2  Association Studies

Genetic association studies aim to identify genes or genomic regions that could in-
fluence a specific phenotype or disease. There are two main approaches that involve 
the study of: (1) candidate genes or (2) genome scans.

The candidate gene approach investigates common genetic variants located in 
genes associated with metabolic pathways and biological processes that are possi-
bly related to phenotypes or diseases. There are two main methods to research: case 
control and family based. Case-control studies compare the allelic and genotypic 
frequencies in two groups of individuals: affected or unaffected by a given disease. 
Family-based studies observe the allele transmission from parents to affected off-
spring, comparing the data observed in the sample with the data expected by chance 
(Eley and Rijsdijk 2005).

Using these approaches, more than 100 genes have been evaluated, with both 
positive and negative results. Usually, the genes analyzed are those encoding 
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Syndrome Gene/chro-
mosomal 
region

Clinical 
characteristics

Prevalence 
in the 
population

Prevalence of 
the syndrome 
in the ASDs

Prevalence of 
ASD in the 
syndrome

Fragile X FMR1 Intellectual dis-
ability, anxiety, 
hyperactivity/
impulsiveness, 
autistic features

1/5160 boys 0–5 % 15–52 %

Tuberous 
sclerosis

TSC1, TSC2 Benign tumors 
in various 
organs; seizures, 
delayed develop-
ment, behavioral 
problems

1/25,000 0–4 % 26–61 %

Rett MECP2 Neurological 
regression, loss 
of acquired 
cognitive, social 
and motor 
abilities, autistic 
behaviors, ste-
reotypical hand 
movements

1/10,000 
girls

< 1 % 100 %

PTEN 
Hamartoma 
tumor

PTEN Macrocephaly, 
seizures intellec-
tual disability

1/200,000–
1/250,000

1–17 % 1–5 %

2q37 
deletion

2q37.1–
2q37.3

Mild to moder-
ate intellectual 
disability, 
distinctive facial 
features, short 
stature, hypo-
tonia, obesity, 
cardiac defects

Unknown 1.2 % 17–50 %

Angelman UBE3A 
(15q11.2) 
maternal 
allele

Microcephaly, 
intellectual dis-
ability, severe 
impairment, 
movement and 
sleep disorders, 
characteristic 
behavior

1/40,000 < 1 % 50–60 %

Prader–Willi 15q11–q13 
paternal 
chromosome

Hypotonia, 
hyperphagia, 
obesity, short 
stature, motor 
and speech 
developmental 
delay, behavioral 
problems

1/25,000–
1/45,000

< 1 % 19–36, 5 %

Table 3.1  Syndromes commonly associated to ASDs. (Source: Zafeiriou et al. 2013; Persico and 
Napolioni 2013; Abrahams and Geschwind 2008)
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Syndrome Gene/chro-

mosomal 
region

Clinical 
characteristics

Prevalence 
in the 
population

Prevalence of 
the syndrome 
in the ASDs

Prevalence of 
ASD in the 
syndrome

22q11.2 
deletion 
DiGeorge

22q11.2 
microdeletion

Congenital car-
diac defect, cleft 
palate, immune 
deficiency, learn-
ing disabilities, 
distinctive facial 
features

1/1600–
1/2000

< 1 % 14–50 %

22q13 dele-
tion Phelan-
McDermid

22q13.3 
deletion

Developmental 
delay, moder-
ate to profound 
intellectual 
disability, hypo-
tonia, and absent 
or delayed 
speech

Unknown < 1 % 50–70 %

Down Chromosome 
21 trisomy

Intellectual dis-
abilities, motor 
developmental 
delay, charac-
teristic facial 
features

1/1000 3.7 % 15.6–19 %

Neurofi-
bromatosis 
type 1

NF1 Changes in skin 
pigmentation, 
benign tumors 
along nerves in 
the skin, brain, 
and other parts 
of the body

1/2500–
1/3000

1.2 % 4 %

Turner Chromosome 
X monosomy

Short stature, 
premature 
ovarian failure, 
webbed neck, 
lymphedema, 
coarctation of 
the aorta, normal 
intelligence

25–
50/100,000 
girls

Unknown 3 %

Klinefelter Extra X 
chromosome 
in males 
(47,XXY)

Small testes, 
low production 
of testosterone 
cryptorchi-
dism, delayed 
or incomplete 
puberty, gyneco-
mastia, infertility

40–
172/100,000 
boys

Unknown 11–27 %

Smith–
Lemli–
Opitz

DHCR7 Craniofacial 
abnormalities, 
intellectual dis-
abilities, behav-
ior abnormalities

1/10,000–
1/60,000

< 1 % 46–52 %

Table 3.1 (continued)
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components related to neurotransmitter metabolism (e.g., serotonin and glutamate), 
neural migration, neurodevelopmental control, neuronal cell adhesion, as well as 
genes involved in speech and language disorders, cognition, social interaction, and 
behavior. Also, chromosome break points in structural arrangements can be useful 
in identifying genes that have a major effect on ASD.

Some of the key candidate genes and common variants investigated in ASD stud-
ies are discussed below. They were chosen based on the AutismKB database (http://
autismkb.cbi.pku.edu.cn/association_gene.php), considering the association score 
and the number of published studies.

3.3.2.1  Genes Involved in Neurotransmission

Serotonin is an essential neurotransmitter in brain functions such as sensory pro-
cessing, cognition, imitation, communication, emotional and autonomic responses, 
regulation of motor activity, and it is also involved in the hormonal control of the 
hypothalamic and pituitary gland. The evaluation of serotonin in ASD is based on at 
least three major factors: its importance in neurodevelopment, its role in the treat-
ment of symptoms, and the changes in blood/plasma levels in patients (Cook and 
Leventhal 1996; Whitaker-Azmitia 2005; Hollander et al. 2005). Neuroimaging 
studies have revealed that the peak capacity of brain serotonin synthesis occurs at 
around 2 years of age in children with typical development; however, this peak is 
not observed in children with autism (Chandana et al. 2005). The serotonin trans-
porter (5HTT) is considered to be one of the main regulators of serotonergic func-

Syndrome Gene/chro-
mosomal 
region

Clinical 
characteristics

Prevalence 
in the 
population

Prevalence of 
the syndrome 
in the ASDs

Prevalence of 
ASD in the 
syndrome

Cohen COH1 Hypotonia, 
intellectual 
disabilities 
characteristic 
facial features, 
microcephaly

1/105,000 < 1 % 48 %

Cornelia de 
Lange

NIPBL, 
SMC1a and 
SMC3

Slow growth 
before and after 
birth, intellectual 
disability that is 
usually severe to 
profound, skele-
tal abnormalities 
involving the 
arms and hands, 
and distinctive 
facial features

1/10,000 < 1 % 46–67 %

Table 3.1 (continued) 
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tion, and it is widely studied in ASD. The gene encoding the 5HTT ( SLC6A4) is 
located on chromosome 17q11.1–q12. The 5HTTLPR (serotonin transporter-linked 
polymorphic region) is the most investigated variant among all described in the 
SLC6A4 gene. The findings in several studies have been inconsistent—there were 
positive results for different alleles, and also negative data were observed. A more 
recent meta-analysis found no association between 5HTTLPR and ASD (Huang 
and Santangelo 2008). The assessment of clinical subgroups (endophenotypes) has 
been described in some studies, with different alleles being associated with deficits 
in communication and social interaction, as well as repetitive movements and ag-
gressiveness (Brune et al. 2006).

The GABRB3 gene is located in the 15q11–q13 region and it encodes one of the 
gamma-aminobutyric acid (GABA) receptors (Tierney et al. 2012), which is one of 
the largest inhibitory neurotransmitters in the mammalian nervous system. In this 
chromosomal region, there are two other genes that also encode GABA receptor 
subunits ( GABRA5 and GABRG3). According to linkage studies, such a region is 
considered to be a candidate for autism. Maternal or paternal deletions in the region 
are related to Angelman or Prader–Willi syndrome, respectively, which are diseases 
whose symptoms are associated with ASD (Buxbaum et al. 2002). The influence of 
the GABRB3 gene in ASD has been evaluated in some studies, with some positive 
results already being detected (Buxbaum et al. 2002; McCauley et al. 2004; Curran 
et al. 2006).

The SLC25A12 gene is located at 2q24, a region that is susceptible to ASD. It 
encodes a mitochondrial calcium-binding carrier protein, which is involved in the 
exchange of aspartate for glutamate via the inner mitochondrial membrane. It also 
regulates the cytosolic redox state and is an important supplier of energy to the 
neurons in the central nervous system (Durdiakova et al. 2014). Due to having an 
important role in pathways that are altered in autism, the SLC25A12 gene has been 
indicated as one of the candidates for the disorder. Different common variants of 
the gene have been evaluated in several studies and some positive associations with 
autism have been shown (Silverman et al. 2008; Ramoz et al. 2004; Segurado et al. 
2005).

The GRIK2 gene encodes the glutamate 6 receptor and is considered to be a 
candidate because of its location at 6q21, a linkage region for autism. Glutamate 
receptors are the predominant excitatory neurotransmitter receptors in the brain and 
they are activated in a variety of normal neuropsychological processes. Due to their 
involvement in cognitive functions such as memory and learning, studies on the 
association of GRIK2 with ASD were performed and some gene variants were posi-
tively associated (Shuang et al. 2004; Jamain et al. 2002; Kim et al. 2007).

3.3.2.2  Genes Involved in Cell Adhesion Molecules (CAMs)

Cell adhesion molecules (CAMs) mediate cell–cell and cell–extracellular matrix 
communication. They have an essential role in neurodevelopment, especially with 
regard to the formation and functioning of synapses, and they display specific ex-
pression patterns.
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The β3 integrin (ITGB3) is the most investigated molecule in genetic studies 
of ASD, specifically involving synapses (Chavis and Westbrook 2001). Moreover, 
through different approaches, it was possible to infer that ITGB3 is associated with 
serotoninergic neurotransmission, due to its interaction with the serotonin trans-
porter (Whyte et al. 2013; Ye et al. 2010). The ITGB3 gene is located on chromo-
some 17q21.3. Different variants have been associated with ASD, either isolated or 
in gene–gene interactions, but mostly with the SLC6A4 gene. The positive results 
involve different common variants across the studies (Weiss et al. 2006a; Schuch 
et al. 2014; Coutinho et al. 2007; Ma et al. 2010; Singh et al. 2013; Weiss et al. 
2006b).

The gene from the neuronal CAM ( NRCAM) is located at 7q31, a candidate 
region for autism, and it encodes a member of the CAM immunoglobulin superfam-
ily. The NRCAM protein is present at high levels in the brain and in the spinal cord 
during development of the nervous system, and it interacts with other molecules 
to promote directional signaling during growth of the axonal cone (Marui et al. 
2009). Some authors have investigated and found associations between variants in 
the NRCAM gene and ASD (Marui et al. 2009; Bonora et al. 2005).

3.3.2.3  Other Candidate Genes

The gene of the oxytocin receptor ( OXTR) is located on the 3p25 chromosome and 
it encodes a protein from the family of receptors coupled to G-proteins. OXTR 
regulates the activity of the neuropeptide oxytocin (OXT), and both have been asso-
ciated with the establishment of maternal and social behavior (Feldman et al. 2007; 
Ebstein et al. 2009; Di Napoli et al. 2014). Due to its role in social and emotional 
characteristics, the OXTR gene has been the target of several studies on the asso-
ciation with ASD, many of which have shown positive associations with different 
variants of the gene (LoParo and Waldman 2014).

The reelin ( RELN) gene is located at chromosome 7q22 and it encodes a large 
protein from the extracellular matrix involved in the control of cell–cell interac-
tions essential for cellular positioning and neuronal migration during brain develop-
ment. The RELN gene is involved in different neurogenetic diseases such as autism, 
schizophrenia, bipolar disorder, and lissencephaly syndrome (Wang et al. 2014; Fa-
temi et al. 2000; Hong et al. 2000). Genetic variants have been positively associated 
with occurrences of autism in different studies (Serajee et al. 2006; Li et al. 2008; 
Ashley-Koch et al. 2007; Sharma et al. 2013).

The MET gene is located at 7q31 and it encodes the tyrosine kinase MET recep-
tor, which is activated by the hepatocyte growth factor (HGF). Besides its initially 
established role as a proto-oncogene that operates in the development of various 
human cancers, MET also has a key role in early brain development, in the autoim-
mune system, and in gastrointestinal repair (Hedrick et al. 2012). The MET gene has 
been indicated as a candidate gene for autism due to its involvement in pathways 
related to the development of the brain cortex and cerebellum cortex (Zhou et al. 
2011). Different common variants were evaluated in association studies, which 
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showed SNP rs1858830 (C/G) in the MET promoter region as being one of the main 
gene variants associated with autism (Zhou et al. 2011).

The Engrailed-2 ( EN2) gene is a homeobox transcription factor with a key role 
in the development of the midbrain and cerebellum. EN2 was identified as a candi-
date gene for ASD, due to it being located at chromosome 7q36.3, a locus of suscep-
tibility to ASD, and also because EN2 mutant mice have exhibited morphological 
abnormalities of the cerebellum, similar to autistic individuals (Baader et al. 1998; 
Kuemerle et al. 1997; Wang et al. 2008).

However, most associations with candidate genes are not conclusive, and the 
data analysis and meta-analyses in various studies show conflicting and inconsistent 
findings. Although there are many studies showing positive associations, the major-
ity was not replicated in different studies or populations.

The genome scan studies or genome-wide association studies (GWAS) evaluate, 
on a large scale, different genome variants, with no a priori definition of a bio-
logical hypothesis. This approach is very interesting for suggesting new genes and 
metabolic pathways in research on psychiatric disorders (like ASD), distinct from 
investigations of candidate genes. However, the common disease–common variant 
genetic approach that supports this kind of study may hinder the replication of re-
sults in many heterogeneous disorders. Few positive findings have been replicated 
independently across the studies—there is always a small effect associated with the 
risk of developing the disorder. The large number of markers analyzed in GWAS 
studies, which can surpass 500,000, increases the number of tests, resulting in the 
need for very strict data correction. The cutoff points used for statistical significance 
are low (e.g., P < 5 × 10 − 8) (Wang et al. 2009) and are very difficult to achieve in 
genes that have little effect.

Considering the latest published works, only the 5p14.1 region was associat-
ed with ASD in more than one investigation. This region encompasses the genes 
CDH10 (cadherin 10, type 2) and CDH9 (cadherin 9, type 2), which encode the cad-
herins responsible for cell–cell adhesion (Wang et al. 2009; Ma et al. 2009). Other 
GWAS performed so far only found suggestive or significant results that have not 
been replicated. The main findings of these studies involve genes related to CAMs, 
synaptogenesis, apoptosis, cell proliferation, coagulation, cancer, the neurotrans-
mitter glutamate, and some intergenic regions (Anney et al. 2010; Jones et al. 2013; 
Ronald et al. 2010; Shi et al. 2013).

Common variants addressed by association studies generally have little effect on 
the disease etiology or characterization. The large complexity observed in heteroge-
neous populations and disorders is intimately connected to the size of the variable 
effect and the sample size investigated, sometimes hindering the study’s findings. 
Moreover, the lack of functional evidence in some variants analyzed may also be 
contributing to this scenario. The use of other methodologies could, therefore, pro-
vide additional candidate genes for investigation.
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3.3.3  Exome Studies

Exoma analysis involves the sequencing of all exons in the genome and it has been 
widely employed over the past few years. Its goal is to search for rare genetic vari-
ants associated with diseases. In ASD, several mutations have been described and 
associated with different biological mechanisms, such as chromatin structure, de-
velopment of the nervous system, serotonin and glutamate neurotransmission, cell 
migration and organization, sodium channels, and ubiquitination (Bi et al. 2012; 
O’Roak et al. 2012; Neale et al. 2012; Toma et al. 2013; Sanders et al. 2012). Exoma 
analyses, like GWAS, have also been helpful in suggesting the involvement of new 
genes in the etiology of ASD. The results have also allowed, through use of bioin-
formatic tools, the description of complex biological pathways, integrating the new 
findings with the “classical” genes analyzed in studies with candidate genes, thus 
underscoring the importance of these studies.

3.3.4  Copy Number Variation (CNV) Studies

The evaluation of copy number variations (CNVs) involves the detection of rare 
variations in some regions on the genome. It has been widely used in psychiatric 
genetics. These variations may be duplications, or insertions or deletions (inherited 
or not), ranging in size from 1 kilobase (kb) to several megabases (Mb). Studies 
with different samples suggest that CNVs are associated with the normal variability 
of the human genome (Abecasis et al. 2012). However, they are considered to be a 
risk factor for some complex diseases, including ASD, and it is suggested that genes 
involved in behavioral aspects have a dose-dependent effect in accordance with the 
number of copies that are present.

In ASD, the CNVs are located throughout the genome at different chromosomes. 
The frequency of CNVs varies between 5 and 10 % in ASD case subjects, and 1 
and 2 % in control subjects. Levy et al. (2011) analyzed the presence of CNVs in 
28 ASD children and 62 healthy adults—they observed 38 CNVs. In all case sub-
jects, at least one CNV was found, whereas in the control group the presence of 
such variants was found in only 11.3 % of people. Moreover, 14 CNVs were found 
in both groups, 19 were observed only in ASD case subjects, and 5 were observed 
only in the control group. Even with the remarkable difference in the CNV fre-
quencies between the case and control groups, it is important to note that there are 
common results in healthy and unhealthy individuals. Furthermore, similar results 
have recently been described in different psychiatric disorders—mostly in autism, 
schizophrenia, and cognitive deficits, including the de novo mutations (Stefansson 
et al. 2013).

Often, the duplication in the 15q11–13 region has been associated with ASD, 
mental deficiency, seizures, and behavioral and developmental abnormalities. 
Another alteration observed in approximately 1 % of ASD cases is related to the 
16p11.2 region, involving both duplications and deletions. Nonetheless, in both 
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cases, these CNVs are not exclusive to ASD and can be observed in individuals 
diagnosed with other diseases. Also, the CNVs appear to not have complete pen-
etrance and their pathogenic effect can vary according to the presence or absence 
of other genetic and environmental alterations (Stefansson et al. 2013). Some re-
sults have previously been associated with genetic syndromes, like Prader–Willi 
and DiGeorge (Glessner et al. 2009; Marshall et al. 2008; Pinto et al. 2010; Sanders 
et al. 2011; Sebat et al. 2007; Shishido et al. 2013). These studies are important to 
confirm or suggest new metabolic pathways such as neuronal cell adhesion and 
ubiquitin (Glessner et al. 2009).

The development of new techniques and methods in molecular and genetic re-
search has resulted in an increase in information and knowledge regarding ASD, 
allowing new approaches to elucidate the etiology. It is known that the biological 
mechanisms involved in different phenotypes do not act in an isolated way, but 
interact with each other. The gene–gene interaction is a way of evaluating these 
epistatic effects. These interactions often involve prior biological hypotheses, con-
structed from biochemical and molecular studies. However, this approach has been 
little used in association studies (candidate gene or genome scan), and little solid 
evidence has been obtained. These more complex analyses may help us unravel the 
etiology of disorders like ASD, thus clarifying the biological processes involved.

Furthermore, an interesting study conducted by Poelmans et al. (2013) compiled 
the data obtained by studies using these different approaches in an attempt to make 
a more complete, comprehensive, and accurate interpretation of these bioinformatic 
analysis data. The authors evaluated the results of GWAS, CNV, exoma studies, and 
other genetic data. Through the enrichment of networks, important results involv-
ing the regulation of steroids, neurite outgrowth, and glutamatergic synapses were 
described. These analyses will be of great value, since the gathering and reviewing 
of results from different studies can highlight the most relevant information.

3.4  Epigenetics and Autism

Epigenetics refers to the processes that affect gene expression without altering the 
genetic code. Such epigenetic mechanisms may result in the silencing of specific 
genes and, therefore, they can affect the phenotype expressed (Mbadiwe and Mil-
lis 2013). Thus, epigenetics involves non-permanent hereditary modifications that 
alter gene expression without changing the DNA sequence itself. It is believed that 
the regulation of structure and neuronal function through epigenetic mechanisms 
is essential to the development of the central nervous system and that a change to 
this process may cause a range of neurodevelopmental disorders, including ASD. 
Epigenetic changes are partly a result of environmental effects, and, through modu-
lation of the gene expression, environment plays an important role in the phenotype. 
The study of the role of epigenetics in autism has grown in recent years and today 
represents an important area of research (Rangasamy et al. 2013).
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Some evidence points to a disruption of the global genome methylation in ASD, 
which would be an indication of the important influence that this modification has 
on the development of autism (Melnyk et al. 2012; Hall and Kelley 2014). The 
methylation mechanism is responsible for two other epigenetic processes involved 
in autism: the imprinting and the inactivation of the X chromosome. The imprinting 
concerns the epigenetic regulation of the gene expression in a manner dependent on 
parental origin. The imprinting controls, to a certain degree, if the genes expressed 
in the offspring will be from the maternal or paternal side (Hall and Kelley 2014). 
Studies have shown that many imprinted loci influence neuronal differentiation and 
the behavior or susceptibility to neurological diseases (Rangasamy et al. 2013). The 
inactivation of the X chromosome only occurs in females, when one of the copies of 
the X chromosome is deactivated via methylation to achieve the dosage compensa-
tion (Hall and Kelley 2014).

Environmental events that occur during early development can activate cellu-
lar signaling pathways associated with synaptic plasticity, even in stages after the 
development. In studies done on animals, the administration of valproic acid dur-
ing the prenatal period or during weaning was associated with subsequent autistic 
behavior such as stereotyped behavior, lack of social interaction, increased anxiety, 
and cognitive and motor abnormalities. Valproic acid has known epigenetic effects 
(Tordjman et al. 2014; Vorhees 1987; Wu and Wang 2002).

Other environmental factors have also been studied in relation to the effects on 
DNA methylation. A study by Oh et al. (2013) showed that an adverse maternal 
environment induces methylation changes in the offspring’s DNA, and that the af-
fected genes encoded proteins are involved in the formation and functioning of 
synapses.

Epigenetic mechanisms have been reported in various genetic disorders associ-
ated with autism, including 15q11–q13 maternal duplication and various disorders 
such as FXS, Rett syndrome, Down syndrome, Turner syndrome, etc. Table 3.2 
presents a summary of the main epigenetic mechanisms found in these syndromes 
associated with autism. The significant number of genetic disorders associated with 
epigenetic etiologies occurring concomitantly with autism indicates that epigenetic 
mechanisms involved in gene–environment interactions should be a common path-
way for many ASD cases (Tordjman et al. 2014).

3.5  Conclusion

A genetic basis for autism is strongly supported by a large body of literature. Ad-
vances in clinical testing technology have increased the diagnostic yield from be-
tween 6 and 10 % a few years ago to between 30 and 40 % nowadays. Therefore, 
genetic testing should be discussed with all ASD patients and their families.

Guidelines for the genetic evaluation of patients with ASD were recently pub-
lished (Schaefer et al. 2013).
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In summary, the literature indicates that the following approximate diagnostic 
tests are expected in the genetic evaluation of ASDs:

• CMA (10 %)
• Fragile X (1–5 %)
• MECP2 (4 % of females)
• PTEN (5 % of those with head circumferences > 2.5 SDs that are tested)
• Karyotype (3 %)
• ACGH (30 %).

Table 3.2  Epigenetic mechanisms observed in syndromes with ASDs. (Source: Rangasamy et al. 
2013; Tordjman et al. 2014)
Genetic disorder OMIM Epigenetic mechanism
Fragile X syndrome (FXS) #300624 DNA hypermethylation causing repression of 

FMR1 gene; histone H3 and H4 tail deacetylation; 
histone H3–K9 methylation; and histone H3–K4 
de-methylation

CHARGE syndrome #214800 Chromatin remodeling
Maternal 15q11–q13 
duplication

#608636 Possible disruptions of DNA methylation patterns 
and gene expression patterns within 15q11–q13 
region

Angelman syndrome #105830 Absent expression of maternally expressed gene 
UBE3A in brain due to lack of DNA methylation at 
maternal allele of imprinting center. The pater-
nal allele of neuronal UBE3A is epigenetically 
silenced

Prader–Willi syndrome #176270 Addition of DNA methylation at paternal allele 
of imprinting center suppresses expression of 
paternally expressed genes from imprinted cluster 
at 15q11–q13 region

Down syndrome #190685 Trisomy for chromosome 21 results in over-
expression of genes leading to abnormal brain 
development

Rett syndrome #312750 De novo mutations or deletions disrupt binding to 
methyl-CpG, leading to abnormal gene transcrip-
tion; disruptions in mRNA translation, histone 
methylation (H3K4, H3K9), and acetylation

Turner syndrome – Dosage changes in genes of the X chromosome 
that escape X chromosome inactivation. Potential 
imprinted gene on chromosome X
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Abstract The lack of well-controlled studies on treatment efficacy, along with the 
immense costs of education and care for patients with autism spectrum disorder 
(ASD) makes ASD a public health problem. Likewise, the enormous heterogene-
ity of the clinical and behavioral symptoms has made it rather difficult to delineate 
the neural circuitry affiliated with this condition. The objective of this review is 
to provide a summary of recent data on the clinical neurophysiology in patients 
with ASD. Electroencephalographic (EEG) findings with emphasis on quantitative 
EEG (power EEG, coherence EEG) are summarized since EEG studies provide 
evidence of brain functional aspects in this disorder. Besides addressing current 
knowledge of the relationship among EEG abnormalities, epilepsy, and regression 
in ASD, this chapter further highlights the most recent literature on sleep disorders 
and polysomnography (PSG) findings in this pathology. Lastly, we discuss limita-
tions in available research that may contribute to understand the inconsistencies in 
the literature, and offer suggestions for future research in this area for advancing the 
understanding of ASD.

Keywords Autism spectrum disorder · Electroencephalography · Quantitative 
electroencephalography · Epileptiform abnormalities · Epilepsy · Autistic regression 
· Polysomnography

Abbreviations

ASD Autism spectrum disorder
EA Epileptiform abnormalities
EEG Electroencephalography
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MRI Magnetic resonance imaging
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NF Neurofeedback
PSG Polysomnography
QEEG Quantitative electroencephalography

4.1  Introduction

Autism spectrum disorder (ASD) is a new Diagnostic and Statistical Manual of 
Mental Disorders, Fifth Edition (DSM-5) disorder encompassing the previous Di-
agnostic and Statistical Manual of Mental Disorders, Fourth Edition (DSMIV) 
autistic disorder (autism), Asperger’s disorder, childhood disintegrative disorder, 
Rett’s disorder, and pervasive developmental disorder not otherwise specified. It is 
characterized by deficits in two core domains: deficits in social communication and 
social interaction and restricted repetitive patterns of behavior, interests, and activi-
ties (Volkmar and McPartland 2014; Kelly 2014). This pathology is a behaviorally 
defined syndrome of early life, with varied symptoms reflecting many biological 
and environmental influences that are unique to each individual’s brain and that 
shape its unique developmental trajectory (Jeste 2011; Toth and Stobbe 2011).

ASD has been associated with disturbance in cerebral organization and function 
(Palau-Baduell et al. 2013). The goal of neurologic, genetic, electrophysiologic, 
imaging, and other biologic tests performed in this disease is not only to diagnose 
autism but to attempt to define some of its many potential etiologies and understand 
their pathogenic effects on the brain (Silver and Rapin 2012).

The objective of this review is to present research data on the electroencephalog-
raphy (EEG) findings, with emphasis on quantitative EEG (power EEG, coherence 
EEG), epileptiform EEG abnormalities and sleep disorders in patients with ASD. 
Besides addressing current knowledge of the relationship among EEG abnormali-
ties, epilepsy, and regression in ASD this chapter further highlights the most recent 
literature on sleep disorders and PSG findings in this pathology.

4.2  Electroencephalography (EEG) and Autism Spectrum 
Disorder (ASD)

ASD involving multiple neural system dysfunctions and EEG studies provide evi-
dence of brain functional aspects in this disorder (Palau-Baduell et al. 2011; Palau-
Baduell et al. 2013).

The first EEG study in autism reported EEG abnormalities in 58 % of the autistic 
children studied (White et al. 1964); later research focused on epileptiform activ-
ity. However, other EEG findings have been reported such as: suppression of mu 
waves, reduced alpha power, photic driving on the right, and low levels of coher-
ence and synchronization. Some of these EEG results are discussed below.
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Mu rhythm at 7–12 Hz can be recorded from the central scalp areas and is reac-
tive in the normal population (mu suppression) by movements or thoughts of move-
ment and also when the subject is observing others’ movements. The latter refers 
to the mirror neurons system (MNS) and is normally active when observing others, 
proposed as deficient in autism (Hughes 2010). Mirror neurons active during both 
observation and execution of actions, are thought to play a crucial role in imitation 
and other social-communicative skills that are often impaired in ASD (Oberman 
et al. 2008; Martineau et al. 2008; Hamilton 2013). Subjects with ASD show sig-
nificant mu suppression to self-movements but they fail to react to the movements 
performed by others. These findings support the hypothesis of a dysfunctional MNS 
in individuals with ASD (Palau-Baduell et al. 2011; Southgate and Hamilton 2008; 
Leighton et al. 2008)

Oberman et al. (2008) reported that the MNS responded in individuals with au-
tism, but only when observing a familiar face (Oberman et al. 2008). The same year, 
another author indicated that females showed stronger mu suppression than males, 
supporting the theory that autism represents an “extreme male brain” (Cheng et al. 
2008).

A significant correlation between age and mu suppression in response only to 
the observation of actions (not during execution), for individuals with ASD and 
typical individuals was reported by Oberman et al. (2013). This result provides 
evidence against the argument that mirror neuron dysfunction improves with age 
in individuals with ASD, and suggests that a diagnosis-independent developmental 
change may be at the root of the correlation of age and mu suppression (Oberman 
et al. 2013).

To examine the integrity of the mirror system in autism Hamilton et al. (2013) 
systematically reviewed 25 suitable papers using neuroscience methods. They 
showed that the only well localized measure of mirror system function was func-
tional magnetic resonance imaging (fMRI; Hamilton 2013).

The study of Ruysschaert et al. (2014) challenged the “broken mirror” hypoth-
esis of ASD, suggesting that impaired neural mirroring is not a distinctive feature of 
ASD (Ruysschaert et al. 2014). Mu suppression was investigated in children with 
ASD during the observation of goal-directed actions and nongoal-directed mim-
icked hand movements, as well as during action execution. No significant correla-
tions between mu suppression, quality of imitation, age, and social communication 
questionnaire scores were found by these authors. Overall, there is little evidence 
for a global dysfunction of the mirror system in autism.

Other available theories of the pathophysiology of ASD have focused on abnor-
mal temporal coordination of neural activity in cortical circuits as a core impair-
ment of the disorder. Synchronous neural oscillatory activity in the gamma range 
(30–80 Hz) has been shown to be abnormal in individuals with ASD and their first-
degree relatives in response to simple auditory and language stimuli (McFadden 
et al. 2012; Milne et al. 2009). Magnetoencephalography (MEG) data also provides 
evidence that gamma-band activity may be involved in abnormal brain functioning 
in ASD. Limin Sun’s findings highlighted the contribution of impaired gamma-
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band activity toward complex visual processing, suggesting atypical modulation of 
high-frequency power in fronto-posterior networks (Sun et al. 2012).

Lastly, an emerging focus of research on autism targets the identification of 
early-developing ASD endophenotypes using infant siblings of the affected chil-
dren. Gabard-Durnam et al. (2013) demonstrated that low- and high-risk infants 
show different patterns of alpha asymmetry at 6 months of age and opposite growth 
trajectories in asymmetry over the following 12 months. These results support the 
candidacy of alpha asymmetry as an early neural ASD endophenotype (Gabard-
Durnam et al. 2013; Carson et al. 2014).

4.2.1  Quantitative EEG

Analysis of resting state brain activity, using electrophysiological measures like 
complexity as well as functional connectivity, is of growing interest in the study 
of ASD, in this respect quantitative electroencephalography (QEEG) may help in 
detecting the regions of altered brain function and connectivity abnormalities (Bil-
leci et al. 2013).

Children with ASD exhibit regionally specific elevations in delta, theta, alpha, 
and high-frequency (20–120 Hz) power, supporting an imbalance of neural excita-
tion/inhibition as a neurobiological feature of this disorder. Moreover, increased 
temporal and parietal alpha power has been associated with greater symptom sever-
ity (Cornew et al. 2012).

Resting-state EEG studies of ASD suggest a U-shaped profile of electrophysi-
ological power alterations, with excessive power in low-frequency and high-fre-
quency bands, abnormal functional connectivity, and enhanced power in the left 
hemisphere of the brain. These studies have documented differences associated 
with ASD, particularly in frontal areas functionally linked to cognitive functions 
which are disrupted in individuals with ASD (Billeci et al. 2013; Wang et al. 2013; 
Shimizu et al. 1982).

Neuroimaging technologies and EEG studies have shown that autism is largely 
a disorder of neuronal connectivity (Coben et al. 2014; Palau-Baduell et al. 2012). 
Functional findings revealed that patients with ASD had deficit in long-distance 
connections (under-connectivity), with a most prominent deficit in fronto-posterior 
connections, as well as an excess of local connections (over-connectivity) and of 
long-distance under-connectivity, with some nonuniformities, along with disrup-
tions were also described, more severe in later-developing cortical regions (Wass 
2011; Palau-Baduell et al. 2012). Furthermore, lower synchronization in non-rapid 
eye movement (NREM) sleep stages, and low coherence for most frequency bands 
confirm the validity of the underconnectivity model in autism (Coben et al. 2008; 
Kulisek et al. 2008)

Recently, Barttfeld P. showed a decay in functional connectivity mainly within 
the delta and theta bands (the lower part of the EEG spectrum) associated with 
an increasing number of autistic traits. According to this author, EEG functional 

AQ1
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connectivity at low frequencies and its associated network properties may be related 
to some autistic features in the general population (Barttfeld et al. 2013). Resting 
state MEG has also revealed band-specific group differences in connectivity mea-
sure that agreed with other functional studies in fMRI and EEG (Ghanbari et al. 
2013).

Cantor et al. (1986), were the first to examine the utility of pairwise coherence 
measures for representing connectivity impairments in autism (Cantor et al. 1986). 
Using phase coherence in multiple frequency EEG bands as a measure of functional 
connectivity, Pineda et al. (2012) have shown evidence for both global hypocon-
nectivity and local hyperconnectivity in individuals with ASD (Pineda et al. 2012). 
Carson et al. (2014) also found decreased interhemispheric connectivity in frontal 
and temporal-parietal regions in these children compared to controls using EEG 
coherence (Carson et al. 2014).

A large case control study conducted by Duffy et al. (2012) found a stable pattern 
of EEG spectral coherence distinguishing children with autism from neurotypical 
controls. They proposed that the predominantly reduced short-distance coherences 
may indicate poor local network function, whereas, the increased long-distance co-
herences might represent compensatory processes or reduced neural pruning (Duffy 
and Als 2012). It has been suggested that preferential attention to detail (perceptual 
domain) is connected with both, lower levels of alpha activity and reduced coher-
ence in posterior regions in the ASD group (Mathewson et al. 2012).

EEG coherence has also been evaluated during the intermittent photic stimu-
lation at fixed frequencies of 3–24 Hz in 14 boys with autism, aged 6–14 years, 
with relatively intact verbal and intellectual functions and without differences in the 
spontaneous EEG. However, the number of interhemispheric coherent connections 
pertaining to the 20 highest connections of each individual was significantly lower 
in autistic patients than in the controls at all the EEG beta frequencies correspond-
ing to those of stimulation (Lazarev et al. 2013).

In this respect, there are a number of extant questions. First, whether aberrant 
connectivity observed in ASD should be seen as part of their primary pathogenesis, 
or whether it disrupted connectivity emerging over time. Second, how the patterns 
of disrupted connectivity found in ASD might relate to those found in a range of 
other disorders.

4.2.2  EEG Biofeedback as Treatment in ASD

Neurofeedback (NF) training is an intervention based on operant conditioning that 
results in self-regulation of brain electrical oscillations (Kubik 2010). NF exploits 
the brain’s plasticity to normalize aberrant connectivity patterns apparent in the 
autistic brain, by grounding this training in known anatomical (e.g., mirror neuron 
system) and functional markers (e.g., mu rhythms) of autism. So, NF training holds 
promise to support current treatments for this complex disorder. Pineda et al. pro-
posed a hypothesis which states that neurofeedback-induced alpha mu (8–12 Hz) 
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rhythm suppression or desynchronization, a marker of cortical activation, should 
induce neuroplastic changes and lead to the normalization in relevant mirroring 
networks that have been associated with higher-order social cognition(Pineda et al. 
2012).

Holtmann et al. (2011) reviewed available studies on the effectiveness of NF as 
a method of treatment for ASD core symptoms. The existing evidence at that time 
did not support the use of this tool in the treatment of ASD (Holtmann et al. 2011). 
Studies with outcomes in favor of NF might show an improvement in comorbid at-
tention-deficit-hyperactivity disorder symptoms, rather than a true improvement in 
core ASD symptoms (Coben and Myers 2010; Holtmann et al. 2011; Kubik 2010).

Recently, a randomized pretest–posttest control group design showed that EEG 
biofeedback seems to be an applicable tool to regulate EEG activity, with specific 
effects on cognitive flexibility, but it did not result in significant reductions in symp-
toms of ASD (Kouijzer et al. 2013).

Despite conflicting results, literature analysis suggests that QEEG features are 
sensitive to modification in neuronal regulation dysfunction which characterizes 
autistic brain. The use of advanced techniques for the increase of the specificity and 
of spatial localization could allow finding distinctive patterns of QEEG abnormali-
ties in ASD subjects, paving the way for the development of tailored intervention 
strategies.

4.3  Relationship Between EEG Epileptiform 
Abnormalities, Epilepsy, and Regression in ASD

4.3.1  EEG Epileptiform Abnormalities

Confounding interpretations of findings related to the co-occurrence of autism and 
epilepsy is that the standards used to determine epileptiform abnormalities (EA) in 
children with ASD have varied among studies (Tuchman et al. 2010). Both nonspe-
cific changes, such as slowing or asymmetry, and epileptiform discharges, consist-
ing of spikes or sharp wave discharges, sharp slow waves, generalized spike-wave, 
and generalized polyspikes are seen in this disorder (Spence and Schneider 2009). 
On the other hand, the term subclinical or nonconvulsive seizure is used to refer 
to electrographic patterns, without clinically recognizable cognitive, behavioral, or 
motor functions or any apparent impairment of consciousness (Chez et al. 2006).

Many authors have reported a prevalence of epileptiform abnormalities in 20–
70 % of the children with autism and of epilepsy in 10–40 % of them (Rutter 1970; 
Tuchman 1997; Tuchman 2004; Rossi et al. 1995; Hashimoto et al. 2001; Hrdlicka 
et al. 2004; Hughes and Melyn 2005; Kawasaki et al. 1997; Ballaban-Gil and Tuch-
man 2000; Lewine et al. 1999). Moreover, high rates of interictal epileptiform EEG 
abnormalities in children with ASD have also been observed in patients with or 
without a history of seizures (Palau-Baduell et al. 2013; Chez et al. 2006; Kim et al. 
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2006; Parmeggiani et al. 2002; Amiet et al. 2008; Bolton et al. 2011; Francis et al. 
2013). EA rates as high as 60 % have been seen even in the absence of epilepsy, so 
their presence should not be considered evidence of epilepsy. This raises questions 
about whether these discharges could be considered a biomarker of cortical dys-
function in this population, and whether these discharges have a causal association 
with any of the autism phenotypes. Some investigators propose that these abnor-
malities may play a causal role in the autism phenotype (Munoz-Yunta et al. 2003; 
Bolton et al. 2011; Dawson et al. 2005; Francis et al. 2013).

Kagan-Kushnir et al. (2005) summarized 13 EEG studies from 1966 to 2003. 
None of the studies received a “good” quality rating, three were rated “fair,” and 
the other ten were rated “poor.” In examining the prevalence of epileptiform ab-
normalities in all patients, irrespective of clinical seizure history, wide variants in 
prevalence rates were obtained, ranging from 10.3 to 72.4 %. When only the “fair” 
studies were considered, the rates ranged from 38.3 to 60.8 %. Out of 13, 8 studies 
examined the prevalence rate of epileptiform abnormalities in patients with no clini-
cal history of seizures and it was found to range from 6.1 to 31 % (Kagan-Kushnir 
et al. 2005).

In the general population the occurrence of EA observed ranges from 2 to 8.7 %, 
and decreases during puberty (Danielsson et al. 2005; Hara 2007; Trevathan 2004), 
while EA occurrence in ASD ranges from 6.7 to 83.0 %, tends to disappear during 
puberty (Parmeggiani et al. 2007), and is present predominantly in female subjects 
(Chez et al. 2006). On the other hand, the prevalence of epilepsy declines with age 
in individuals with static processes like cerebral palsy and intellectual disability, 
nevertheless increases of autism and epilepsy raise the possibility of an ongoing 
degenerative process in these individuals, like the occurrences in Down syndrome 
(Silver and Rapin 2012; Tuchman et al. 2010). Epilepsy generally persists into adult 
life, however a remission of only 16 % has been reported in adults with autism 
(Levisohn 2007). The heterogeneous data reported in the literature are probably due 
to (a) different samples with different ages and clinical features and (b) the method-
ological variability in collecting and interpreting EEGs.

It has also been demonstrated that the occurrence of EA is higher when using 
24- to 48-h EEG recordings than in routine studies; in fact, this may be present 
only during sleep (Parmeggiani et al. 2010; Hrdlicka et al. 2004). According to one 
report EEG sleep study, could be best achieved in patients with autism by using 
dexmedetomidine, (Ray and Tobias 2008).

MEG and sleep EEG are more sensitive for correctly detecting epileptiform 
EEG abnormalities in autism than wake EEGs (Lewine et al. 1999; Hrdlicka 2008). 
Mulligan et al. (2014) completed a retrospective chart review of 101 patients with 
ASD who had overnight EEGs they suggested that increasing severity of autistic 
symptoms may be associated with a higher likelihood of epileptiform abnormalities 
(Mulligan and Trauner 2014). MEG epileptiform activity is frequently documented 
in children with early-onset ASD and subclinical epileptiform activity is present 
especially in the perisylvian regions for many patients with this pathology (Munoz-
Yunta et al. 2008). The focus of spike discharges has been reported to be mainly 
in the centro-temporal or temporal (Olsson et al. 1988; Tuchman and Rapin 1997; 
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Parmeggiani et al. 2010), frontal (Kawasaki et al. 1997; Hashimoto et al. 2001), or 
rarely in the occipital regions (Nass et al. 1998). Kanemura et al. (2013) observed 
that the presence of frontal paroxysms was significantly associated with the later 
development of epilepsy compared with centrotemporal paroxysmus (Kanemura 
et al. 2013).

In a recent study, our team in the International Center for Neurological Restora-
tion in Havana Cuba evaluated 70 ASD patients between the age of 2 and 14 years 
(5.8 ± 2.86) with male predominance (63.3 %), 55 % of the patients were classified 
as primary ASD. Sleep EEGs, wake EEGs, or both were performed in this study. 
Sleep EEGs recording was performed in 41.6 % of the patients. The overall rate of 
epileptiform EEG abnormalities in the whole sample was 71.6 %. These EEG find-
ings were not found to be associated with clinical severity of autism. No significant 
relationship between EA occurrence, and ASD subtypes was observed (Fisher exact 
test p = 0.46). Epilepsy was diagnosed in 11, 6 %, of the study participants. Tempo-
ral lobe localization of the EA was associated with epilepsy diagnosis, (unpublished 
data).

In general, the significance of EA is controversial. Moreover, a clinical diagnosis 
of ASD cannot be confirmed by pathognomic EEG or PSG features but these data 
may help to determine the role of abnormal electrical activity in the development 
of ASD.

4.3.2  EEG Epileptiform Abnormalities and Epilepsy

Epilepsy is the most common neurological comorbidity in autism. Approximately 
one third of the children with autism develop epilepsy (Giovanardi et al. 2000; 
Olsson et al. 1988), with prevalence estimates between 8 and 42 % (Volkmar and 
Nelson 1990; Rossi et al. 1995; Spence and Schneider 2009; Tuchman and Rapin 
2002; Hughes and Melyn 2005; Kagan-Kushnir et al. 2005; Danielsson et al. 2005; 
Francis et al. 2013).

The onset of epilepsy in autism has two peaks: one before 5 years of age and 
the other after 10–12 years of age, with most cases presenting after 10 years of 
age (Volkmar et al. 2005). In these cases all types of epilepsy have been observed  
(Volkmar et al. 2005; Gillberg 1991).

The high frequency of autism in some of the early-onset developmental encepha-
lopathic epilepsies, and the high prevalence of interictal EEG discharges in children 
with autism is frequently cited as evidence of the relationship between autism and 
epilepsy (Berg and Plioplys 2012).

Some studies have ascertained that mental retardation, cerebral lesions, and rare 
diseases associated with ASD increase the risk of epilepsy (Spence and Schneider 
2009; Hughes and Melyn 2005). The prevalence of epilepsy reported in autism has 
varied across studies depending on the age distribution of the sample, the degree of 
mental retardation, and the type of language disorder (Volkmar et al. 2005; Kagan-
Kushnir et al. 2005). However, in “idiopathic” ASD seizure the occurrence remains 
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higher than in the general population, suggesting that autism itself is associated with 
an enhanced risk of epilepsy (Spence and Schneider 2009). A paper published by 
Ekinci et al. (2010) examined the possible associations of epilepsy/interictal epi-
leptiform abnormalities with asthma/allergy, hyperactivity, and familial factors in 
ASD. They observed that epilepsy was associated with a family history of epilepsy 
and psychiatric problems in the mother during pregnancy (Ekinci et al. 2010).

It has been reported that some ASD patients with late-onset epilepsy showed 
severe EEG abnormalities, which included continuous spike-waves during slow-
wave sleep (CSWS), generally demonstrate an improvement in EEG and clinical 
symptoms in the long-term follow up (Lee et al. 2011).

The complexity of the relationship of ASD, epilepsy, and epileptiform EEG ac-
tivity is highlighted in tuberous sclerosis complex (TSC). This is a key clinical 
model for at least four reasons. First, 1–5 % of the children with autism have TSC 
(de et al. 2005). Second, a more careful analysis reveals that TSC is present in 
8–14 % of those with the autism–epilepsy phenotype (Smalley 1998).Third, autism 
or ASD have been reported in up to 50 % of the individuals with TSC (de et al. 
2005). Fourth, approximately 60 % of the children with TSC have epilepsy and 
50 % have infantile spasms (Guerrini and Aicardi 2003). All of these reasons make 
TSC a unique clinical model to study the complex interplay between genetics, sei-
zures onset, and location of epileptiform activity to the development of ASD.

The consensus emerging from studies on ASD and epilepsy is that the same 
brain pathology accounts for the majority of children with co-occurring ASD and 
epilepsy or with an epileptiform EEG. This brain pathology may represent a set of 
uniform underlying genetics as well. The current understanding of the association 
between epilepsy and ASD is still limited, but from a clinical point of view, this as-
sociation should not be overlooked. Controversy also seems to exist regarding the 
rate of seizures and EEG abnormalities.

4.3.3  EEG Epileptiform Abnormalities and Autistic Regression

Another interesting point emerging from studying the association of epilepsy, EA, 
and autism is the fact of autistic regression (usually occurring between 18 and 24 
months of age) in which the developmental trajectory of approximately 30 % of the 
children with ASD is characterized by a regression of verbal and nonverbal com-
munication skills. This phenomenon is currently well accepted, but poorly under-
stood at a biological level (Werner et al. 2005; Luyster et al. 2005; Lord et al. 2004;  
Goldberg et al. 2003; Meilleur and Fombonne 2009; Baird et al. 2008).

Many studies have addressed the question of the influence of epilepsy and/or EA 
on autistic regression (Tuchman 1997; Kobayashi and Murata 1998; Hrdlicka et al. 
2004; Baird et al. 2006; Deonna and Roulet 2006). However, the relationship be-
tween them continues to be an area of active research interest and controversy with 
studies showing mixed results. Some studies during the past decade have found 
no differences in history of autistic regression in ASD children with epileptiform 
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EEGs and epilepsy versus ASD children with a normal EEG and no epilepsy (Hara 
2007; Canitano et al. 2005; Hrdlicka 2008; Parmeggiani et al. 2010). Contrary to 
results showing no relationship of regression to epilepsy in autism there are other 
case reports linking epilepsy or an epileptiform EEG to autistic regression (Deonna 
and Roulet 2006; Chilosi et al. 2013; Hrdlicka et al. 2004; Giannotti et al. 2008). 
This latter study also found that children with autistic regression had more disrupted 
sleep than those with ASD without regression (Giannotti et al. 2008).

For many years, a number of studies have pointed out the role of EEG abnor-
malities in language and cognitive processes suggesting that interictal epileptiform 
activity could impair brain function (Patry and Naquet 1971; Deonna 1996; Rapin 
1996; Aarts et al. 1984; Binnie et al. 1987; Kasteleijn-Nolst Trenite et al. 1987) 
while, uncontrolled and few randomized controlled trials of antiepileptic treat-
ment of interictal epileptiform discharges have suggested that the suppression of 
discharges is associated with significant improvement in psychosocial function 
(Garcia-Penas 2011).

Furthermore, despite the high prevalence of interictal EEG epileptiform activity 
in children with ASD and the overlap of Landau–Kleffner syndrome (LKS) and 
ASD, little evidence to date has shown that spikes contribute to the pathogenesis 
or to the worsening of language, social, or behavioral dysfunction in children with 
ASD (Tharp 2004). However, there are clear differences between LKS and autistic 
regression (Szatmari et al. 2008).

An attempt to clarify the relationship between regressions or any type of prob-
lematic clinical findings and severity of EEG abnormalities in ASD patients with 
late-onset epilepsy was made by Lee et al. (2011). They found that severe EEG 
abnormalities tended to be related to the neuropsychological function. Nevertheless 
they were not able to conclude that the treatment of EEG abnormality was related to 
the improved neuropsychological symptoms (Lee et al. 2011).

In summary, although there is no clear understand on the biology of regression 
in autism, we have much information of their phenomenology. The decision to treat 
EA remains controversial, and the treatment of seizures should be pursued utilizing 
drugs generally indicated in international epilepsy guidelines. It is quite evident that 
the results of different studies are argumentative and the relationship of epilepsy 
and EEG abnormalities to developmental regression in autism remains unknown 
and should be clarified and investigated.

4.4  Sleep Disorders and Polysomnography in ASD

Just as with epileptiform discharges and epilepsy, the prevalence of sleep problems 
in children with ASD is very high, ranging between 40 and 80 % (Thirumalai et al. 
2002; Silver and Rapin 2012; Richdale 1999; Schreck and Mulick 2000; Wiggs and 
Stores 2004; Polimeni et al. 2005; Liu et al. 2006; Malow 2004; Malow et al. 2009; 
Bruni et al. 2007; Goldman et al. 2009). A growing body of literature contains re-
ports of sleep disorders as a third indicator of abnormal neural functioning in autism 
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and, therefore, a characteristic of the ASD phenotype (Anders et al. 2011; Wiggs 
and Stores 2004; Richdale 1999; Cortesi et al. 2010; Baker et al. 2013). Parental 
surveys indicate a 50–80 % prevalence of sleep problems in children with ASD, 
compared with a 9–50 % prevalence rate in age-matched, typically developing sub-
jects (Polimeni et al. 2005; Kotagal and Broomall 2012; Allik et al. 2006; Richdale 
and Schreck 2009).

The degree of cognitive impairment likely does not influence the prevalence 
of sleep problems in ASD because they are observed in those who are severely 
mentally handicapped as well as in those who are high functioning, with intel-
ligence quotients greater than 70 (Richdale and Schreck 2009; Krakowiak et al. 
2008). Sleep problems also do not seem to be influenced by ASD subtype (Polimeni 
et al. 2005). A positive correlation has also been observed between the number of 
seizures and total scores on the Child Sleep Habits Questionnaire, where higher 
scores denote more sleep problems (Giannotti et al. 2008). Parents of children with 
ASD and epilepsy are more likely to report difficulties with sleep than parents of 
children without epilepsy (Cotton and Richdale 2006; Goldman et al. 2012; Wiggs 
and Stores 2004).

The main problems described in ASD include insomnia, difficulty with sleep 
initiation and sleep maintenance, parasomnias such as rapid eye movement (REM) 
and non-REM arousal disorders, rhythmical movement disorders, and periodic limb 
movements during sleep (Malow et al. 2006; Liu et al. 2006; Krakowiak et al. 2008; 
Hoshino et al. 1984). The multiplicity of sleep problems in children with ASDs was 
confirmed by Wiggs and Stores using sleep diaries from 69 parents, together with 
actigraphy (a device to detect and record muscle activity), to monitor sleep pattern 
(Wiggs and Stores 2004). Although some sleep disorders might be of behavioral 
origin (as in the typically developing children with poor sleep hygiene), circadian 
rhythm disturbances have also been reported in children with ASD (Patzold et al. 
1998; Wiggs and Stores 2004).

The consequences of the difficulties with sleep initiation and maintenance in 
children with ASD may include alterations in daytime behavior, memory, learn-
ing, and also significant stress in caretakers (Kotagal and Broomall 2012). In 2004 
Schreck et al. demonstrated that in children with autism, fewer hours of sleep per 
night were highly correlated with a more severe behavioral phenotype (Schreck 
et al. 2004). Previous studies had also suggested that some symptoms specific to au-
tism may be directly associated with disturbed sleep, and that the improved sleep in 
children with autism is associated with enhancement in daytime behavior (Johnson 
et al. 1996; Patzold et al. 1998; Richdale 1999; Segawa and Nomura 1992).

In an interesting study Giannotti et al. (2006) observed persistent sleep problems 
in children with autism, in over 50 % of the sample (Giannotti et al. 2006), with 
a peak age of onset during the second year of life, similar to what is known for 
regression. Later, this author also reported significantly more severe and persistent 
abnormalities of sleep wake patterns in regressed children (Giannotti et al. 2008; 
Giannotti et al. 2011).

Polysomnography (PSG) consists of monitoring multiple simultaneous, physi-
ologic parameters during sleep Fig. 4.1 and it is indicated when sleep-disordered 



76 L. M. Morales Chacón and M. M. Báez Martin

breathing, restless legs syndrome, parasomnias, or nocturnal seizures are suspected. 
PSG studies have confirmed the presence of disrupted sleep architecture in children 
with ASD. PSG abnormalities include reduction of REM sleep; longer sleep laten-
cy, increased arousals, lower sleep efficiency, increased stage 1 sleep, and decreased 
slow wave sleep as well as decreased density of spindle activity (Palau-Baduell 
et al. 2013).

Relatively few reports of PSG-based sleep studies in children with autism have 
been published. Overall, these have focused on abnormalities in REM sleep, includ-
ing immaturity in the organization of eye movements into discrete bursts (Tanguay 
et al. 1976), increased muscle twitches during REM sleep (Elia et al. 2000), and 
undifferentiated sleep in which features of non-REM and REM sleep are intermixed 
(Diomedi et al. 1999; Limoges et al. 2005). The prolonged sleep times, early wake 
times, and frequent interruptions in sleep noted in the survey literature have not 
been commented on in these PSG studies. Although subjective sleep parameters 
appear to be roughly similar in adults and children with ASD, there are inconsisten-
cies in the objective sleep profiles obtained from actual sleep recordings (Elia et al. 
2000).

The characterization of sleep manifestations by specific ASD subtype (prefer-
ably by using the International Classification of Sleep Disorders) will help gather 
better longitudinal data about diagnosis and responses to specific treatments.

Fig. 4.1  Polysomnography study in a 4-year-old patient with ASD without epileptic seizures. 
Recordings involve complete electroencephalogram (EEG), chin electromyography, eye move-
ments and electrocardiogram. Note EEG epileptiform abnormality in channels containing the right 
centroparietotemporal leads, C4, P4, T4, and T6
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4.5  Conclusions

EEG and MEG provide evidence of disrupted brain connectivity in ASD and reveal 
that gamma-band activity may be crucially involved in aberrant brain functioning 
in ASD. However, researchers have only recently begun to link patterns of brain 
activity and connectivity to behavior.

Although there have been relatively few reports of PSG-based sleep studies in 
ASD, both non-REM and REM sleep abnormalities have been observed, which sup-
port the multiplicity of sleep problems in this pathology.

One of the best-known associations with central nervous system dysfunction in 
ASD is the high risk of epilepsy; though the relationship among epileptiform abnor-
malities, epilepsy, and regression is not yet well understood. Thus, a greater number 
of controlled studies are required in order to confirm this relationship. That is why, 
identification of the early processes that leads to ASD, and to epileptogenicity, or 
both is a challenge that is worth pursuing.
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Abstract One of the most controversial issues in the study of autism spectrum 
disorder (ASD) is the involvement and dysfunction of sensory systems that underlie 
atypical behaviors, which could be evaluated through neuroimaging and electro-
physiological techniques. Auditory disturbances are the most frequently reported 
sensory deficits that could explain language and communication deficits shown in 
ASD patients. Event-related potentials such as auditory brainstem response, mis-
match negativity, P50, and P300 have shown differences between patients and 
normal subjects, supporting the existence of an abnormal auditory processing. 
Somesthetic perception is also distorted in this heterogeneous group of patients, 
probably associated with deficits in communication, motor ability, and social skills. 
It has been confirmed by abnormalities in short- and long-latency somatosensory 
evoked potentials. Visual processing impairment has also been described in chil-
dren and young adults with autism. Dipole source analysis revealed that the visual 
cortex, fusiform gyrus, and medial prefrontal lobe are less active in autism com-
pared with control subjects during the execution of emotion processing tasks. ASD 
patients also have problems to integrate information from multiple sensory sources 
necessary to a successful social behavior, and consequently, they show deficits with 
social and cognitive processes. Electrophysiological and imaging techniques may 
constitute useful tools in the diagnosis, classification, and therapeutic strategies of 
ASD patients, considering the diversity of this spectrum.

Keywords Auditory brainstem response · Autism spectrum disorder · Middle 
latency response · Sensory integration · Somatosensory evoked response · 
Somesthetic perception · Visual perception
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Abbreviations

ABR Auditory brainstem response
AD/HD Attention deficit/hyperactivity disorder
ASD Autism spectrum disorder
MLR Middle latency response
MRI Magnetic resonance imaging
PDD Pervasive development disorder
S-SEPs Short-latency somatosensory evoked potentials.
TEOAEs Transient evoked otoacoustic emissions

5.1  Introduction

Autism spectrum disorder (ASD) refers to a group of disorders including autis-
tic disorder, Asperger’s disorder, and pervasive developmental disorder (American 
Psychiatric Association 2013).

One of the most controversial issues in the study of ASD is the involvement and 
dysfunction of sensory systems that underlie atypical behaviors.

In an extensive review of the literature published in 2008 (1300 reports), Hughes 
summarizes this contradiction finding equally a low and high frequency of sensory 
symptoms in patients with autism, and hyper- or hypofunctioning of the sensory 
systems (Hughes 2009).

Techniques like electroencephalography (EEG), magnetoencephalography 
(MEG), and functional Magnetic Resonance Imaging (fMRI) have demonstrated 
their utility to evaluate unimodal sensory processing and multisensory integration 
(Marco et al. 2011). Neurophysiological responses to auditory, tactile, and visual 
stimuli in autistic patients have been studied to explain the neural bases of the atypi-
cal behaviors previously mentioned (Marco et al. 2011). Other sensory processing 
deficits, including olfactory and gustatory, have been also described in children 
with ASD (Tomchek and Dunn 2007; Bennetto et al. 2007).

This chapter aims to summarize the electrophysiological and imaging evidences 
published in the past years that support the existence of sensory deficits in ASD 
patients.

5.2  Auditory Perception

Disturbances in auditory processing are the most frequently reported sensory defi-
cits in patients with ASD. In fact, children with autism show a major impairment 
during the processing of auditory and verbal information compared with visual in-
formation (Duncan et al. 2009).
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The main trends point out the disturbances of auditory perception of linguistic 
and social auditory stimulus, and enhanced perception of pitch and music. These 
discordant findings in auditory abnormality reported in ASD might be the conse-
quence of differences between global and local processing of auditory information 
occurring in these patients (Kellerman et al. 2005).

Diverse studies in ASD have been designed to test the integrity of the audi-
tory pathway using electrophysiological techniques, such as auditory brainstem 
response (ABR), but the results are not coincident. In consequence, some authors 
state that these studies do not support the involvement of brainstem in autism, de-
spite the presence of peripheral hearing impairment in a nonnegligible number of 
autistic subjects (Klin 1993). For example, Novick et al. show that abnormalities 
in the brainstem are scarce in patients with ASD using evoked potentials to clicks, 
pitch changes, and tones. These authors suggest that the registration and storage of 
stimulus information in the higher levels of processing are more engaged, and they 
could explain the severe language disorders in ASD (Novick et al. 1980).

Most reports support the hypothesis of impairment in the brainstem auditory 
pathway to explain the disturbances in auditory processing demonstrated in ASD 
subjects (Kwon et al. 2007; Magliaro et al. 2010; Maziade et al. 2000; Tas et al. 
2007).

The objective evaluation of hearing in a group of children with ASD was carried 
out by Taset et al. (2007) using transient evoked otoacoustic emissions (TEOAEs) 
and ABR. Both these techniques were obtained in the majority of ASD children 
bilaterally (83.3 %), while the remaining cases showed an increase in duration of 
III–V interpeak latency compared with a control group (Tas et al. 2007). Similar 
results were reported by Kwon et al. (2007) studying 121 autistic children compared 
with a control group. They reported a prolonged latency of wave V, and an increase 
in duration of III–V interpeak interval in the ASD group, suggesting a dysfunction 
or immaturity of the central auditory pathway, particularly at the level of mesen-
cephalon (Kwon et al. 2007).

Autistic patients and unaffected first degree relatives showed the prolongation of 
I–III interpeak interval of ABR in relation to control subjects. So, this finding could 
be proposed as an endophenotype of the disease (Maziade et al. 2000).

The auditory abnormalities mentioned could contribute to sensory deprivation 
and consequently to communication deficits. Furthermore, aberrations in the per-
ception and processing of the audiological stimuli, like maturational defects and 
atypical lateralization, has been proposed (Hitoglou et al. 2010).

Other techniques have been used to assess hearing in autistic subjects: pure tone 
and speech audiometry, acoustic immitance measures, ABR, auditory middle la-
tency response (MLR), and cognitive potential (P300). All auditory evoked poten-
tials showed differences with respect to a group of normal subjects. Particularly, 
statistically significant differences between groups were observed in the latency of 
waves III and V, and in the duration of interpeak intervals I–III and I–V of ABR, 
confirming the impairment of the brainstem auditory pathway. The absence of P300 
component suggests the dysfunction of cortical areas in the same patients (Magliaro 
et al. 2010).



88 M. M. Baez Martin et al.

Abnormal auditory symptoms include peripheral and sensorineural hearing defi-
cit, both hypo- and hypersensitivity to auditory stimulation with bizarre reactions to 
sounds, and limitations to filter relevant auditory information in the presence of en-
vironmental background noise (Källstrand et al. 2010). Khalfa et al. explained that 
difficulty in filtering information presupposes the participation of active cochlear 
mechanisms regulated by the efferent olivocochlear system and evaluated with 
TEOAEs. The abnormalities in lateralization at the auditory periphery observed in 
ASD patients are probably related to dysfunction at higher levels of the auditory 
processing mediated by the medial olivocochlear system (Khalfa et al. 2001).

Limitations to filter auditory information in a noisy background also include 
speech. Evidence of this was provided by Russo et al., evaluating speech-evoked 
responses in quiet and noise background in ASD patients and typically developing 
children. Differences between quiet and noise responses were minimal in ASD chil-
dren, probably related to a severe depression of the responses in a noise background 
(Russo et al. 2009).

On the contrary, other authors reported that nonmentally retarded children with 
autism had a sensory gating to auditory stimulus similar to a control group using the 
P50 gating paradigm (Kemner et al. 2002). All these apparent differences in pub-
lished papers are probably related to the nature of the auditory stimuli used.

Another aspect that has to be taken into account is the automatic and active pro-
cessing of auditory stimuli evaluated with the mismatch negativity. The amplitude 
of this event-related potential is smaller in autistic than in normal children in unat-
tended conditions. On the other hand, when the stimuli are attended the differences 
between groups disappear. All these results confirmed the existence of an abnormal 
automatic auditory processing in autism (Dunn et al. 2008).

Larger P300 component to target auditory stimuli has been also found in autistic 
children during active conditions with respect to healthy, dyslexic, and attention 
deficit/hyperactivity disorder (AD/HD) groups, while other authors found larger 
P300a in younger children with respect to older (Hughes 2009).

An interesting finding reported by Lai et al. in low-functional autistic patients 
showed that functional systems which process speech and song are more related to 
the last one. Some structures, like the left inferior frontal gyrus, are more activated 
during song stimulation and less with speech stimulation in autistic patients com-
pared with control normal subjects. Measures like functional connectivity between 
this gyrus and superior temporal gyrus was increased for songs compared to speech 
in patients. At the same time, there were increased frontal-posterior connections. 
These and other findings of this study support the assumption that functional sys-
tems related to speech and song are more active for song in this subgroup of autistic 
patients (Lai et al. 2012).

Deficits in communication in ASD patients include a variety of disturbances in 
language, ranging from semantic-pragmatic deficits to the absence of speech. But 
these problems are probably dependent, at least in part, on auditory aberrant percep-
tion (Kujala et al. 2013).

Deficient prosody, for example, is a distinguishing characteristic of the language 
impairment in ASD patients related to acoustic cues such as pitch contour. The 
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sensory encoding of pitch was evaluated by evoked brainstem responses to pitch 
syllables in a group of ASD patients with normal intelligence and hearing, some of 
them showed deficient pitch tracking compared with normal children. Obviously, 
there is a subcortical origin of prosody encoding deficits demonstrated by electro-
physiological techniques. This should be taken into account in the diagnosis and 
treatment of this subgroup of ASD patients (Russo et al. 2008).

Of course, ASD include a wide spectrum of entities with a diversity of responses. 
Matas et al. studied the audiological and electrophysiological profile of patients 
with autism and Asperger syndrome, and compared their results with a group of 
normal subjects. They did not find abnormalities in the audiological evaluation in 
all subjects, but 50 % of patients with autism and 30 % with Asperger syndrome 
showed ABR alterations, with statistically significant differences between groups. 
Auditory MLR presented abnormalities in all groups without differences between 
them, while P300 component showed differences between Asperger patients and 
control subjects. These results suggest that auditory information processing at dif-
ferent levels of the pathway has specific profiles in the diverse forms of the disease 
(Matas et al. 2009).

Other authors have found normal hearing levels in high-functioning autistic chil-
dren with a pervasive development disorder (PDD) and speech delay (Psillas et al. 
2006).

Bruneau et al. demonstrated in a group of mentally retarded children with ASD 
the existence of electroclinical correlations between the amplitude of the right tem-
poral N1 cortical response and the verbal and nonverbal communication abilities, 
suggesting a reorganization of the hemisphere functions, with a greater activation 
of the right hemisphere for functions that correspond to the left one. This especially 
was true for the lateral aspect of the superior temporal gyrus which belongs to sec-
ondary auditory areas (Bruneau et al. 2003).

5.3  Somesthetic Perception

In comparison with auditory disturbances in ASD patients, fewer studies have 
been conducted to evaluate the dysfunction of somesthetic perception. Some of the 
symptoms include hyper- or hypoesthesia to touch, pain, and temperature (Miyaza-
ki et al. 2007). Somatosensory input is fundamental for motor development, while 
touch is also critical for healthy social and communication skills in early childhood 
and beyond.

Short-latency somatosensory evoked potentials (S-SEPs) elicited by the stimu-
lation of median nerve were evaluated and correlated with clinical symptoms in a 
group of 24 children with autism. The abnormalities include prolonged peak latency 
of N20, increase in central conduction time, and a prevalence of the amplitude of 
N20/P25 in the right hemisphere (more than twofold) that indicates hyperactivity 
in the right primary somatosensory area of these patients (Miyazaki et al. 2007).
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Similar results have been published by Cabrera et al., who obtained S-SEPs with 
stimulation of posterior tibial nerve. In this study, 92 % of ASD children showed ab-
normalities related to an increase of the central conduction time (65 %) and morpho-
logical distortion or absence of the evoked cortical response (Cabrera et al. 2011).

It has also been reported a strong positive valence to tactile stimuli, which pro-
vokes the excitation of patients, and enhanced responsiveness mediated by hyper-
sensitivity to vibration and thermal pain (Hughes 2008).

In 2010, Cascio published a review about somatosensory processing in neuro-
developmental disorders that include autism. This author found that somatosensory 
perception is aberrant in ASD, associated with deficits in communication, motor 
ability, and social skills, which should be considered in the etiology and treatment 
of these disorders (Cascio 2010).

More surprising were the results reported by Wong et al., who found slower and 
larger amplitude of the event-related potential P300 in the parietal somatosensory 
cortices of children with autism during the processing of facial gender and emotion, 
besides the activation of visual cortex and fusiform gyrus (Wong et al. 2008). These 
results suggest an abnormal specialization of the cortex engaged to social brain 
networks.

5.4  Visual Perception

Visual processing abnormalities have also been described in children and young 
adults with autism. For example, Milne et al. stated that perception of simple vi-
sual stimuli is atypical in ASD patients (Milne et al. 2009). These authors found 
differences between patients and control subjects in the electroencephalographic 
activity during visual perception with a cortical topographic differentiation (striate-
extrastriate cortex and cingulate gyrus) (Milne et al. 2009).

There are specific abnormalities in early processing of visual stimuli that are 
probably related to perception. It has been demonstrated in patients with PDD, veri-
fying a reduction in amplitude of event-related potentials at the occipital cortex in 
response to visual stimuli with high and low spatial frequencies (Kemner and van 
Engeland 2006).

More specific results were described by Boeschoten et al. using short-latency vi-
sual-evoked potentials and dipole sources of their components. They found abnor-
malities for high spatial frequency stimuli during the early processing, and in late 
phases for both high and low spatial frequency stimuli (Boeschoten et al. 2007a). 
This atypical response might suggest the existence of difficulties in visual process-
ing from the primary levels of analysis in the visual pathway of PDD subjects.

The same authors explained that the previously described anomalies had an ef-
fect in the abnormal face processing in PDD subjects, provoking disturbances of 
social behavior (Boeschoten et al. 2007b).
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Nevertheless, most papers support the idea of a higher level of dysfunction that 
involves extrastriate cortices (Deeley et al. 2007; Gunji et al. 2009; Koshino et al. 
2008; Pierce and Redcay 2008; Wong et al. 2008; O’Connor et al. 2007).

Event-related functional MRI demonstrated a lesser activation of fusiform and 
extrastriate cortices to detect facial expressions of primary emotions in Asperger 
syndrome compared with control subjects (Deeley et al. 2007).

The distinction between self, familiar, and unfamiliar faces is disturbed in PDD 
patients as shown in the study of Gunji et al., whose results suggest a deficit of se-
mantic encoding of faces in this group of patients (Gunji et al. 2009).

When recognition of faces has an emotional connotation the results differ. 
Event-related potentials that evaluate recognition of emotional facial expressions 
(N1,N170, and P2 components) are in general not affected in ASD, but dipole 
source analysis revealed that the visual cortex, fusiform gyrus, and medial prefron-
tal lobe are less active in autism compared with control subjects during the execu-
tion of emotion processing tasks (Wong et al. 2008).

Autistic patients need to make an excessive processing of the visual information 
to successfully differentiate target and a novel stimuli during the execution of a 
three-stimulus oddball paradigm task (Sokhadze et al. 2009).

5.5  Integration of Sensory Information

The impairment in social cognition and the abnormalities in sensory and percep-
tual processing are characteristics of patients with ASD. These subjects especially 
have problems to integrate information from multiple sensory sources necessary to 
a successful social behavior, and consequently, they show deficits with social and 
cognitive processes.

ASD patients can also have problems with earlier stages of multisensory infor-
mation processing, evidenced by the recording of the cerebral electrical activity and 
the reaction time during a simple audiovisual task (Brandwein et al. 2013).

It has been explained that communicative impairment of PDD subjects is based 
on a disturbed complex audiovisual integration of speech stimuli, while low-level 
abilities integration is relatively spared (Magnee et al. 2008).

Auditory-somatosensory integration is also damaged in ASD patients compared 
to matched typically developing children, different to auditory or somatosensory 
stimuli alone (Russo et al. 2010).

Visual-somatosensory integration was evaluated by Kemner et al. using a three-
stimulus oddball task (standard, deviant, and novel stimuli) in autistic and control 
children. They reported that autistic children differed from controls with respect to 
visual (P2, N2, and P3) and somatosensory (P3) responses, showing abnormal pro-
cessing of proximal and distal stimuli, but they could not find evidence of abnormal 
lateralization of the event-related potential components (Kemner et al. 1994).
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5.6  Conclusions

The main sensory modalities and multisensory processing are impaired in autistic 
patients, conducting to a global sensory dysfunction that could be in the background 
of other disturbances such as language and social disabilities.

Electrophysiological and imaging techniques may constitute useful tools in the 
diagnosis, classification, and therapeutic strategies of ASD patients, considering the 
diversity of this spectrum.
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Abstract This chapter summarizes findings of the morphological and functional 
brain changes in autistic spectrum disorders (ASD), demonstrated by a growing 
body of researches that employs diverse neuroimaging methods. We discuss major 
anatomical findings from studies in ASD utilizing structural magnetic resonance 
imaging (MRI) and diffusion tensor imaging (DTI). We also explore findings from 
functional MRI (fMRI) studies, including task-related activation studies and func-
tional connectivity. Regional changes in brain metabolism are examined using 
magnetic resonance spectroscopy (MRS) and nuclear medicine techniques, includ-
ing positron emission tomography (PET) and single-photon emission tomography 
(SPECT). Finally, we highlight directions for continued research in neuroimaging 
of ASD at a network level using graph theoretical approaches.

Keywords Magnetic resonance imaging · Diffusion tensor imaging · Spectroscopy · 
Emission tomography · Connectivity · ASD

6.1  Introduction

During the last decades, neuroimaging studies have improved our knowledge of 
brain development and contributed to our understanding of disorders involving 
the developing brain like autism spectrum disorder (ASD). Morphological studies 
have provided evidence of structural differences in ASD compared with the normal 
population. In parallel, functional neuroimaging methods attempt to elucidate the 
neurobiology and neurochemistry of autistic disorders.
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The goal of this chapter is to provide an overview of the morphological and func-
tional brain changes in ASD, demonstrated by a growing body of researches that 
employ diverse neuroimaging methods. We discuss major anatomical findings from 
studies in ASD utilizing structural magnetic resonance imaging (MRI) and diffusion 
tensor imaging (DTI). We also explore findings from functional MRI (fMRI) stud-
ies, including task-related activation studies and functional connectivity. Regional 
changes in brain metabolism are examined using magnetic resonance spectroscopy 
(MRS) and nuclear medicine techniques, including positron emission tomography 
(PET) and single-photon emission tomography (SPECT). Finally, we highlight di-
rections for continued research in neuroimaging of ASD at a network level using 
graph theoretical approaches.

6.2  Structural Magnetic Resonance Imaging

Image-based morphometric analysis with statistical parametric mapping techniques 
permits rapid, largely automated, whole-brain analysis of autistic neuroanatomy. 
There are converging evidences that young children with ASD have a significant 
increase in cerebral volume in both gray and white matter. However, the results 
from studies of adolescents and adults with ASD are inconsistent. It is possible that 
discrepant findings primarily due to the differences in patient’s cohorts within the 
autistic spectrum who exhibit different patterns of structural abnormalities, even 
though clinical symptoms are similar. Alternatively, this difference might also arise 
from different techniques of image processing and analysis. Based on the analysis 
methods applied to the image data, these studies can be classified into region of 
interest (ROI)-based, voxel (VBM)-based, surface (SBM)-based, or tensor (TBM)-
based morphometry. In all these approaches, segmentation of brain structures is an 
essential step for morphometric analysis.

6.2.1  ROI-Based Morphometry

A variety of methods have been used for segmenting regions of interest from MRI 
brain studies in ASD populations (ASDs). Common procedures include manual 
drawing by experts, atlas-based segmentation or volumes quantification of tissue 
types (e.g., gray and white matter or total brain volume). For an extensive review, 
see Ref. (Chen et al. 2011; Brambilla et al. 2003). Increased total brain, parieto-
temporal lobe, and cerebellar hemisphere volumes have been the most replicated 
abnormalities in autism. However, whether or not this abnormal enlargement per-
sists into later childhood and adolescence is still a matter of debate. Enlargement of 
amygdala in children, and reduced volumes in subregions of the corpus callosum 
and hippocampal area have also been reported in the autistic individuals (Chen et al. 
2011; Brambilla et al. 2003).
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6.2.2  Voxel-Based and Tensor-Based Morphometry

Voxel-based morphometry (VBM) computes the probability of each voxel being 
associated with a specific tissue type. Maps of each tissue are smoothed, and sta-
tistical tests are performed at each voxel representative of a specific brain region, 
to determine the morphometric changes related to autistic features. Posterior prob-
ability is usually called tissue density. Tensor-based morphometry (TBM) is a more 
computationally intensive method, in which a deformation field is obtained for each 
subject, warping their brain to match a common brain template, and encoding the 
relative positions of various brain landmarks.

Several VBM and TBM studies have been performed in ASD, reporting white 
and gray matter abnormalities in a widely distributed network, including the frontal, 
temporal, parietal and occipital lobes, cingulate gyrus, fusiform gyrus, hippocam-
pus and parahippocampal regions, cerebellum, internal capsule, caudate nuclei, and 
corpus callosum (see (Nickl-Jockschat et al. 2012; Cauda et al. 2014; Dennis and 
Thompson 2013) for review). However, morphometric findings are inhomogeneous 
and even contradictory. Early studies showed, decreased gray matter density in the 
left medial temporal lobe (Brieber et al. 2007), right inferior temporal gyrus, ento-
rhinal cortex, and rostral fusiform gyrus in adolescent (Kwon et al. 2004), and as 
higher grey matter volumes in the left inferior parietal cortex and the right supra-
marginal gyrus in children and adolescents fulfilling the diagnostic criteria for ASD 
(Brieber et al. 2007).

Rojas et al. reported the existence of regions exhibiting larger volumes in ASD’s 
in medial frontal gyri, left precentral and right postcentral gyrus, right fusiform gy-
rus, caudate nuclei, and the left hippocampus, and smaller volumes exclusively in 
the cerebellum, comparing autistic young adults with age-matched controls (Rojas 
et al. 2006). On the other hand, Brun et al. (2009) found significantly decreased 
cortical volumes in the parietal, left temporal, and left occipital lobes, bilaterally, 
using TBM. Alterations of the basal ganglia, especially the caudate nuclei, have 
been repeatedly described in ASD patients and were often found to correlate with 
impaired motor performance or repetitive and stereotyped behavior (for review see 
(Nickl-Jockschat et al. 2012)).

In contrast to the rather small sample sizes of the previously referenced studies, 
Nickl-Jockschat et al. included data from, 277 ASD patients and 303 healthy con-
trols in a wide-ranging meta-analysis, to provide a quantitative summary of brain 
structure changes using VBM (Nickl-Jockschat et al. 2012). They located six sig-
nificant clusters of convergence indicating disturbances in brain structures of ASD 
patients, including the lateral occipital lobe, the pericentral region, the medial tem-
poral lobe, the basal ganglia, and proximate to the right parietal operculum. A more 
recent meta-analysis found significant topological relationships between gray and 
white matter abnormalities in ASD (Cauda et al. 2014). They localized numerous 
bilateral negative concordances, but with a higher prevalence in the right hemi-
sphere, while positive concordances were found in the left hemisphere. The emer-
gence of different hemispheric contribution suggests a relation with pathogenetic 



98 R. Rodríguez-Rojas et al.

factors affecting the right hemisphere during early developmental stages. Besides, 
the authors found an essentially negative concordance and discordance between 
brains areas involved in social cognition with the white matter fiber tracts linking 
them. Less white matter concentration in the region of the genu, rostrum, and sple-
nium have been reported in adolescent and young high functioning autistic subjects 
(Chung et al. 2004).

While inconclusive, VBM and TBM studies have revealed a complex, region-
specific and age-related changes of regional volumes in ASD, comprising cortical 
and subcortical regions and as areas of white matter. These data provide evidence of 
altered brain morphology in ASD and possibly its role in the pervasive symptoms 
dramatically impairing communication and social skills in ASD patients.

6.2.3  Surface-Based Morphometry

Surface-based morphometry (SBM) assesses local folding giving access to topo-
logical properties of the cortex such as cortical thickness, regional surface area, 
and sulcal depths. These descriptors reveal different attributes of the complex in-
teractions between brain regions in ASD. The separate analysis of these orthogonal 
characteristics and the anatomical reliability of surface-based metrics enhance sen-
sitivity and predictive value in comparison with VBM.

Increased cortical thickness has been reported over the entire cerebral cortex in 
children with autism, primarily driven by increases in parietal and temporal cortices 
(Hardan et al. 2006). Recent approaches using more fractionated subcomponents 
of cortical and subcortical anatomy have revealed cortical thickening in regions 
known to be crucial for social cognition, behavioral regulation, language, and social 
information, although regional thinning with lesser extent have also been described 
(Jiao et al. 2010; Hyde et al. 2010; Raznahan et al. 2013). Figure 6.1 summarizes the 
brain areas with abnormal cortical thickness in children and adolescent with ASD.

These findings suggest that abnormal patterns of cortical thickness in a broader 
network of cortical areas subserving social cognition, communication, and repeti-
tive behaviors, could be underlying the core features of autism. However, this effect 
appears to be dynamically age-dependent, as the most pronounced period of cortical 
enlargement occurs in early postnatal periods (Hazlett et al. 2011; Courchesne et al. 
2001, Schumann et al. 2010), while adults with ASD tend to have increased age-
related cortical thinning in comparison with typically developing individuals (TD) 
(Hardan et al. 2009). Conversely, Hazlett et al. found an increase in the surface area 
temporal, frontal, and parietal-occipital regions in 2 year old children with autism 
compared to controls, but no significant differences in the cortical thickness were 
reported (Hazlett et al. 2011).

Gyrification patterns have also been studied in autism. Hardan et al. reported an 
increased left frontal gyrification index in autistic children and adolescents but not 
in adults (Hardan et al. 2004). Nordahl et al. explored cortical folding across a range 
of patients between 7.5 and 18 years (Nordahl et al. 2007). They identified cortical 
shape abnormalities across all ages, more pronounced in children. The patterns of 
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abnormalities varied between low-functioning autism, high-functioning autism, and 
Asperger’s syndrome.

All of the aforementioned findings taken together, the increased amount of sur-
face-based evidences suggest that early overgrowth in cortical volume in ASD may 
be associated with a disproportionate enlargement in cortical thickness and surface 
area across multiple brain regions, with a tendency to normalization at later stages 
of development. While still inconsistent, these results suggest that disruptions of 
cortical topology in preschool aged ASD children may underlie a distinct set of 
pathogenic mechanisms.

6.2.4  Automatic 3D Model-Based Morphometry

An alternative approach combines the characteristics of ROI-based analysis with 
voxel or surface-based techniques for obtaining the segmentation of individual MRI 

Fig. 6.1  Synthesis of findings from existing studies of cortical thickness differences between chil-
dren and adolescents with ASD and TD, integrated using a sulco-gyral-based parcellation. The 
red and blue ROIs represent regions for which cortex was thicker and thinner, respectively, in the 
ASD group. Color scale represents the number of times each region has been reported in reviewed 
literature. 1 middle frontal gyrus, 2 inferior frontal sulcus, 3 triangular part of the inferior fron-
tal gyrus, 4 precentralgyrus, 5 paracentral sulcus, 6 superior frontal gyrus, 7 orbitofrontal gyrus, 
8 superior parietal lobule, 9 precuneus, 10 supramarginalgyrus, 11 superior temporal sulcus, 12 
middle temporal gyrus, 13 inferior temporal gyrus, and 14 fusiform gyrus
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volume into different anatomical structures using a standardized atlas. Structural 
MRI with high spatial resolution is normalized into a standard space defined by 
a registration template. The resulting transformation is reversed to map the atlas 
structures onto the original brain geometry, thus enabling morphometric quantifi-
cation. Different strategies have been utilized to merge information coming from 
registration algorithms and tissue classification for obtaining suitable gross cortical 
structure segmentation. Our group has used an approach based on individual brain 
atlases using statistical parametric mapping (IBASPM) to address brain morphom-
etry in ASD. Figure 6.2 outlines this procedure. Panel 6 shows preliminary results 
from our group, consistent with a widespread increase in cortical volume, involving 
frontal, parietal, and occipitotemporal regions.

6.3  Functional Magnetic Resonance Imaging

The advents of higher magnetic fields and faster acquisition sequences have al-
lowed the acquisition of dynamic data that brings together maximal signal-to-noise 
ratio and good spatial contrast in conjunction with whole-brain coverage. Func-
tional MRI (fMRI), as opposed to traditional MRI procedures used to study brain 
anatomy, provides insights into dynamic brain changes having a time course closer 
to that of neurophysiological activities. The technique therefore has huge potential 

Fig. 6.2  Pipeline and results of an atlas-driven voxel based morphometry. 1 High resolution ana-
tomical MRI. 2 Normalization to a standard space (e.g., MNI space). 3 Segmentation and extrac-
tion of the gray matter. 4 Atlas-based labeling. 5 Regional mean volumes were calculated via the 
atlas-based procedure described in (Aleman-Gómez et al. 2006). 6 Dorsal and lateral views of sta-
tistical parametric maps showing increased volumes ( red areas) in ASD children. Preliminary MRI 
data were obtained at the Institute of Neurology ( INN) and International Center for Neurological 
Restoration ( CIREN), in Havana
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for addressing novel research questions regarding the abnormalities in human brain 
function underlying the core symptoms of ASD.

The relatively low temporal resolution and long acquisition time of fMRI chal-
lenged the extensive application of this technique in certain groups of patients, like 
children and low functioning autistic individuals. Despite these concerns, the con-
tribution of fMRI to understanding aspects of the biology of ASD has been invalu-
able, as it has helped to establish that ASD is a distributed disorder comprising 
several neural systems. It is beyond the scope of this chapter to detail the extensive 
literature that explores the patterns of activation in response to dissimilar tasks. We 
will outline the main approaches and promising developments in the use of fMRI to 
study functional networks in ASD.

6.3.1  Activation Studies

There is a link between increased local neuronal activity and increased regional 
cerebral blood flow, blood volume, and blood oxygen content (Heeger and Rees 
2002). A slight but measurable local lengthened MR signal is driven by the im-
balance between oxygenated and nonoxygenated hemoglobin. This blood-oxygen-
level-dependent (BOLD) effect forms the basis for the use of fMRI, allowing the 
identification of brain regions used during the performance of a specific task. A 
wide and increasing number of researches have explored the patterns of activation 
related to core symptoms in ASD, using activation paradigms related to the sound 
and face processing, cognitive control, theory of mind tasks, language processing, 
or tasks involving imagery content, among others. Extensive reviews can be seen 
in the published literature (Anagnostou and Taylor 2011; Dichter 2012; Hugdahl 
et al. 2012; Stigler et al. 2011; Williams and Minshew 2007; DiMartino et al. 2009). 
Figure 6.3 shows models of abnormal activity patterns in ASD in response to differ-
ent paradigms used in fMRI. Note that these models consider the spatial location of 
the areas where abnormalities in activation have been consistently reported, regard-
less of the direction of the differences (hypoactivation or hyperactivation) given the 
variability in results and the limited space.

The fMRI studies in ASDs have provided behavioral evidence of incapacity for 
emotional judgments about faces (e.g., the inability for reading of the intentions 
or emotions facially expressed by others) and impaired face recognition and dis-
crimination (e.g., to discriminate between familiar and unfamiliar faces) in ASDs 
(Dichter 2012; Stigler et al. 2011). ASD-related hypoactivation of the fusiform gyrus 
(Brodman area BA 37), labeled as the ‘fusiform face area’, has been reported across 
both studies of facial form and facial expression perception (Stigler et al. 2011). The 
response of the amygdala to faces in ASDs has also been studied, with mixed and 
even inconsistent results (Dichter 2012; Hugdahl et al. 2012). Individuals with ASD 
have been shown to have difficulty with the ability to infer feeling states and/or 
intentions, skills that are essentials for an appropriate social interaction. The fMRI 
studies have revealed that children and adults with autism show reduced activation 
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throughout the medial prefrontal cortex, superior temporal sulcus, right temporal 
pole, and amygdala, engagedin the so-called “theory of mind” network (DiMartino 
et al. 2009). Amygdala has received particular scrutiny in fMRI studies of theory 
of mind. Impaired modulation of activity in this area has been associated with the 
reduced social and communication abilities in ASD.

Autistic spectrum disorders (ASD) are associated with a wide range of language 
and communication impairments, ranging from a lack of functional speech to out-
standing language abilities (Williams and Minshew 2007). fMRI studies of commu-
nication deficits in ASDs have focused predominantly on brain regions mediating 
language perception, comprehension, and generation. Activation paradigms include 
auditory processing, sentence and language comprehension, verbal fluency, visual 
imagery, among others. Overall, these data support differential lateralization of lan-
guage processing and production regions during communication tasks, neurofunc-
tional deficits for speech and recruitment of brain regions that do not typically pro-
cess language (Anagnostou and Taylor 2011; Dichter 2012; Williams and Minshew 
2007). Abnormal activation in the left inferior frontal gyrus (including Broca’s area) 
and superior temporal gyrus (i.e., Wernicke’s area) have been commonly reported 
in ASD. Autistic patients show abnormal activation of parietal and occipital brain 

Fig. 6.3  The figure shows brain network activations across studies and experimental manipula-
tions in ASD compared to TD individuals, visualized on a 3D MRI template. Abnormal activation 
maps were modeled using an MRI-based atlas, showing regions reported to be involved in specific 
tasks. See text for further explanations
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regions, associated with visual imagery, for comprehending sentences that do not 
invite visual imagery (Dichter 2012). This results suggest a processing strategy that 
more reliant on visualization to support language comprehension.

Studies of restricted and repetitive behaviors using fMRI are limited, realizing 
that head motion is a major source of error in data analysis. However, the cognitive 
manifestations of these features have been addressed using a variety of paradigms 
requiring cognitive control, including but not limited to spatial attention, working 
memory, interference inhibition, and response monitoring, revealing anomalous ac-
tivation in frontostriatal brain regions(see (Dichter 2012) for review).

6.3.2  Functional Connectivity

fMRI data cannot in itself prove causality, and such data can only state if a certain 
brain region is involved in a specific task. The fMRI-based connectivity (fcMRI) 
studies assess interregional temporal correlations of the BOLD signal. Thus, fcMRI 
studies in ASDs addresses circuitry-level questions believed to be central to autistic 
symptoms. Growing evidence indicates predominantly reduced long-distance func-
tional connectivity in ASD. For example, lower connectivity between frontal and 
posterior parietal and temporal cortical regions has been consistently reported. This 
network plays central roles in processing social-affective information.

Furthermore, a marked decrease in connectivity between the right cerebellar 
region and the supratentorial regulatory language areas, and between the Broca’s 
regions and modulatory control dorsolateral prefrontal region, may underlie the ab-
normal language function in children with ASD (Just et al. 2012). Cortical–cortical 
under connectivity has been replicated with a variety of fMRI paradigms related to 
core symptom domains, such as language comprehension, social cognition, execu-
tive function, or motor tasks (for review see (Anagnostou and Taylor 2011; Hugdahl 
et al. 2012; Stigler et al. 2011; Williams and Minshew 2007; Just et al. 2012)).

6.3.3  Resting-State Functional Connectivity

Resting-state fMRI (rsfMRI) derives from the rationale that low frequency spon-
taneous oscillations in BOLD signal are temporally coherent among brain areas 
that are functionally and probably structurally connected. Thus, the resting-state 
network is believed to reflect a rudimentary and intrinsic organization of the rest-
ing brain, providing the opportunity to study long and short-range connectivity in 
ASD, without complications related to task activation. rsfMRI has been increas-
ing applied to the study of the complex alterations of functional networks in ASD. 
Most of the results of such studies are consistent with decreased long-distance con-
nectivity. There are reports of decreased frontal-posterior connectivity at rest in 
the default mode network in adolescents and adults with ASD (Weng et al. 2010). 
Correlations between social and repetitive behavior symptoms and a number of 
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 resting  connectivity metrics in individuals with ASD have been reported (Dennis 
and Thompson 2013; Anagnostou and Taylor 2011; Dichter 2012).

More recent rsfMRI suggests that ASDs may also be characterized by aberrant 
increase in local functional connectivity. Posterior overconnectivity has been re-
ported to be associated with higher ASD symptom severity (Keown et al. 2013). 
In the same way, local overconnectivity in occipital and posterior temporal regions 
appears consistent with the preference for local over global visual processing in 
ASD (Maximo et al. 2013). Monk et al. reported stronger functional connectivity 
between the posterior cingulate and the temporal lobe and parahippocampal gyrus 
in ASD (Monk et al. 2009). Whereas under connectivity reflects reduced efficiency 
of within-network communication in ASD, degrading the capacity of integrating 
information from widespread and diverse systems, increased local connectivity can 
be attributed to impaired experience-driven mechanisms, and could be involved in 
the development of the outstanding capacities in some within the autistic spectrum.

Ongoing efforts attempt to map resting-state connectivity using sleep fMRI. This 
approach would appear to be well suited to studying early emerging brain activity 
linked to speech processing in infant, where classical rsfMRI studies are unlikely. In 
summary, rsfMRI findings reflect important aspects of network dysfunction associ-
ated with socio-communicative, cognitive, and sensori motor impairments in ASD.

6.4  Magnetic Resonance Spectroscopy

Magnetic resonance spectroscopy (MRS) provides a noninvasive method to mea-
sure the chemical concentration of certain metabolites in brain tissues, characterize 
tissue metabolic processes in vivo and identify chemical and structural abnormali-
ties associated with diseases. The most widely used and relevant nuclei for in vivo 
biomedical applications are hydrogen (1H), phosphorus (31P), and carbon (13C). As 
nonproton MRS is still an emergent field and few studies have been reported in 
autism, the following section will focus on 1H-MRS and the analysis of the most 
important metabolites studied in ASD: N-acetyl aspartate, glutamate/glutamine, 
creatine/phosphocreatine, choline-containing compounds, and myo-inositol. Rep-
resentative spectra of ASD and TD, that show the peak values of the typical metabo-
lites, are displayed in Fig. 6.4.

N-acetyl aspartate (NAA) is an amino acid that is present almost exclusively in 
neurons, neuronal projections, and mature oligodendrocytes. The NAA is considered 
as a marker of neuronal density and function and/or mitochondrial dysfunction, with 
the levels that increase during the early brain development until adulthood (van der 
Knaap et al. 1990). A large number of studies in children reliably reveal that ASD 
patient’s exhibit reduced NAA levels in a wide number of cortical and subcorti-
cal brain regions. Consistently, reported areas with NAA reduction include global 
gray or matter; frontal cortex, anterior cingulate cortex, hippocampus-amygdala re-
gion, temporal and occipital lobes, thalamus, and cerebellum (for review see (Hyde 
et al. 2010; Raznahan et al. 2013; Anagnostou and Taylor 2011; Ipser et al. 2012; 
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Chugani 2012)). Decreased neuronal density would be the origin of disruptions in 
long-range fiber tracts, discussed in the next section, thus resulting in decreased 
NAA in both the grey and the corresponding white matter.

On the other hand, MRS at high fields allows for quantification of glutamate/glu-
tamine compounds (Glx) addressing the role played by these excitatory metabolites 
in the neurochemistry balances in the ASD brain. MRS data from children cohorts 
indicate that autism groups exhibit reduced Glx levels in cortical gray matter (DeVito 
et al. 2007), anterior cingulate cortex (Bernardi et al. 2011), frontal and occipital cor-
tex, and cerebellum (DeVito et al. 2007). Recent research have suggested elevated 
Glx levels in ASD in the anterior cingulate cortex (Bejjani et al. 2012) and putamen 
(Doyle-Thomas et al. 2014) of children, and the auditory cortex of adults (Brown et al. 
2013). These results are consistent with the hyperglutamatergic theories of ASD, sup-
porting an excitation/inhibition imbalance underlying the pathophysiology of ASD. 
Further researches are needed in larger cohorts of patients and solving methodological 
issues in the acquisition and processing of MRS spectra.

Metabolites’ levels are often reported as ratios with regard to chromium (Cr) 
concentration, instead of absolute metabolite levels. The explicit rationale for this 
approach is that Cr is assumed to be stable in the normal, as well as in several 
pathologic states. Ratios correct for the partial volume effect and MRI inhomo-
geneities, thus preventing the intra and inter-subject variance and are critical in 
quantifying low-abundance metabolites. However, Cr level is roughly considered 
as a measure of cellular energy metabolism, serving as the storage and use mecha-
nism for ATP synthesis. A decrease in absolute concentrations has been reported 
during hypermetabolic process, probably in relation with homeostasis of cellular 

Fig. 6.4  Representative 1H-MRS-SVS spectra in the temporoparietal junction of a typical devel-
opment ( TD) subject and autism spectrum disorder ( ASD) subject. Notice a reduced NAA and Glx 
and increased Cho concentrations in ASD. The inset depicts the three-dimensionally localized 
MRS voxel. Data courtesy of the Brain Images Processing Group at CIREN, Havana
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bioenergetics (Mountford et al. 2010). Thus, the common practice of using creatine/
phosphocreatine to calculate metabolite ratios may lead to confounding results in 
the study of ASD’s biochemistry. Relative to controls, reductions in Cr levels have 
been reported in the occipital cortex (Ipser et al. 2012) and global gray matter for 
ASD children (Friedman et al. 2006). Ipser et al. reported in a meta-analysis based 
on 20 studies higher levels of Cr for ASD adults than children in global grey matter 
(Ipser et al. 2012). A trend toward increases in the temporal lobe in adults has been 
also suggested.

Further neurochemical imbalances were found in other 1H-MRS studies, such as 
decreased concentrations of choline-containing compounds (Cho) and myoinositol 
(mI) suggesting decreased cellularity or density (Friedman et al. 2006). A recent 
study found correlations between Glx, Cho, and mI in caudate, putamen, and thala-
mus, and behavioral scores in ASD children (Doyle-Thomas et al. 2014). Additional 
studies will be needed to support these findings and elucidate the sensitivity of these 
metabolites to diagnosis of ASD.

Taken together, this evidence does not support the explanation that early struc-
tural overgrowth is due to an acceleration of the normal brain maturation processes. 
More likely, these findings are consistent with an excess of minicolumn density 
as described by Casanova and colleagues (Casanova and Trippe 2009; Casanova 
2006). Alternative hypotheses include reduced synaptic density, poorly differenti-
ated cortex, and possibly inflammatory processes (Friedman et al. 2006). Studies 
in adults provide further support that a typical change of neurochemical profile in 
ASD groups expands beyond childhood and persists during adulthood. Nonethe-
less, the conflation of age group, the overlap of diagnosis that meets the ASD crite-
ria, the unmatched use of sedation, and the heterogeneity of regions studied, place 
limits on the strength of the conclusions that can be drawn from 1H-MRS studies.

6.5  Diffusion Tensor Imaging

6.5.1  White Matter Organization

Diffusion tensor imaging (DTI) is sensitive to loss of white matter integrity and to 
differences in anatomical connectivity. Fractional anisotropy (FA) is a measurement 
that indirectly reflects the diameter and density of fibers, myelination and macro-
structural features such as fiber coherence, while mean diffusivity (MD) is a mea-
sure of the mean motion of water considered in all directions. Thus, lower FA or 
higher MD suggests a disruption in microstructural brain white matter features.

Children and adolescents with autism show areas of abnormal white matter 
integrity relative to TD subjects. Reports of decreased FA included white matter 
structures in the frontal and left temporal lobes (Ke et al. 2009), inferior longitudi-
nal fasciculus (ILF, comprising the right fusiform face area), superior longitudinal 
fasciculus (SLF), and corpus callosum/cingulum (Jou et al. 2011). Abnormalities 
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in white matter organization in ASD have been found to persist into adulthood. 
Regions of decreased FA in the corpus callosum of the frontal and temporal lobes 
were reported in participants with age ranging from older children and adolescents 
to adults (Keller et al. 2007; Alexander et al. 2007). A wide meta-analysis including 
25 DTI studies with regions of interest methods demonstrated consistently signifi-
cant FA reductions in the corpus callosum, left uncinate fasciculus, and left superior 
longitudinal fasciculus, and significant increases of MD in the corpus callosum and 
superior longitudinal fasciculus bilaterally, in subjects with ASD compared with 
the TD individuals (Aoki et al. 2013). These findings have been taken as evidence 
that white matter abnormalities may constitute the biological basis of the decreased 
functional connectivity in adults with autism, discussed in Sect. 3.1. However, an 
apparent tendency to normalization of white matter maturation over time has been 
reported, possibly accounting for the behavioral improvements often observed in 
high-functioning autism (Bakhtiari et al. 2012).

6.5.2  Anatomical Connectivity

Diffusion tensor imaging (DTI) studies limited to voxel-wise comparisons of FA 
are useful for identifying the presence of white matter pathology in ASD, but are 
limited in its ability to identify the underlying fiber tracts involved. Several strate-
gies have been implemented to achieve the tract reconstruction and connectivity 
analysis from DTI. The latest can be roughly divided into global or tract-based 
analysis, exemplified in Fig. 6.5. In the literature, a dominant finding with respect 
to the anatomical connectivity in ASD is that there is a combined pattern of local 
over-connectivity and long distance under-connectivity, illustrated for our data in 
Fig. 6.5b).

A growing body of the DTI literature examining ASDs provides evidence of im-
paired neural connectivity in the corpus callosum/cingulum and the temporal lobes 
affecting the major fiber tracts known to connect key nodes involved in emotional 
face processing, language, and executive functioning. The DTI studies have shown 
reduced structural connectivity between sensory cortices and prefrontal regions, vi-
sual areas and temporoparietal regions, as well as other regions identified as compo-
nents of the multisensory network such as superior temporal sulcus, occipitotempo-
ral junction, and anterior cingulate regions (Casanova 2006). More recent DTI-data 
support the notion that stronger short-range connectivity may develop in parallel 
with decreased long-range connectivity. Greater local connectivity in the ASD in-
dividuals have been reported in the left superior parietal lobule, the precuneus and 
angular gyrus, and the right supramarginal gyrus (Li et al. 2014).

Our data in individuals with ASD from ages 4–7 shows a disruption of long-
range connections involving the superior longitudinal fasciculus (SLF) and unci-
nate fasciculus (Fig. 6.5c). SLF is associated with spatial working memory and the 
integration of the auditory and speech areas of the brain. The left SLF is important 
for information exchange between Broca’s and Wernicke’s areas. Thus, abnormal 
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connectivity in SLF may underpin the neurobiological basis of language deficits in 
ASD. On the other hand, the uncinate fasciculus has traditionally been considered 
to be a part of the limbic system and is known for its involvement in human emo-
tion processing, memory and language functions, all of which are impaired in ASD 
(Melillo and Leisman 2009).

6.6  Emission Tomography

Positron emission tomography (PET) and single-photon emission tomography 
(SPECT) provide sensitive means for tracking biochemical and molecular process-
es in ASD. Both are nuclear medicine imaging techniques that measure signal from 
radioisotopes intravenously injected into the blood stream. There are two basic ap-
proaches to examining the changes in brain function associated with ASD. First, 
resting state studies allow to detect regional abnormalities in brain metabolism, 

Fig. 6.5  Upper panel: example of global connectivity analysis. a Representative DTI reconstruc-
tion from an ASD subject and an age matched TD subject. The same reconstruction parameters, 
algorithms and thresholds were used. A reduction in fiber density and organization in ASD subject 
is noticeable. b Prevalence of short-range vs. long-range connectivity in ASD networks. Lower 
panel: example of tract-based analysis in 15 children with ASD and age matched controls. c Sig-
nificant differences were found in the superior longitudinal fasciculus ( S.L.F) and uncinate fas-
ciculus, but not in the inferior longitudinal fasciculus ( I.L.F). The figure has been compiled by the 
authors from several different studies conducted by the Brain Images Processing Group at CIREN
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blood flow, and neuroreceptor binding. Second, activation studies can reveal ab-
normalities in the functional networks involved in motor, cognitive or visual task.

6.6.1  Resting Metabolic Studies in ASD

Measurement of regional glucose metabolism and regional cerebral blood flow 
(rCBF) secondarily reflect the underlying synaptic activity. Both children and 
adults with autism show decrease in rCBF in superior temporal areas, known to 
be involved in cognitive processing of complex sounds. The conclusion from these 
studies was that children and adults with ASD had a dysfunction in the temporal 
regions correlated with the severity of autistic disorders. Focal perfusion abnor-
malities in the left medial prefrontal cortex (BA 9 and BA 10) and in the anterior 
cingulate gyrus (BA 32) have been associated with the social components of autistic 
features. For an extensive review, see Ref. (Williams and Minshew 2007; Chugani 
2012; Lauvin et al. 2012).

6.6.2  Receptor Binding in ASD

There is a huge increase in the number of labeled ligands available for neurotrans-
mitter and neuroreceptor mapping using PET and SPECT. However, few have been 
used in the study of autism. These studies have focused in investigating the func-
tional integrity of the dopaminergic, serotonergic, and gamma-aminobutyric acid 
(GABA-mediated) systems. While the efforts to elucidate the contribution of the 
neurotransmission systems in the pathophysiology of autism have failed to identify 
the neurochemical substrates of autism, they have provided convincing evidence of 
altered neurotransmission in both children and adults with autism.

The integrity of the dopaminergic system can be tested using PET with the tracer 
18F-fluorodopa (FDOPA). After its intravenous administration, FDOPA is taken up, 
metabolized and stored by the terminals of the dopaminergic projections. Ernst and 
colleagues reported a significant reduction in FDOPA uptake in the anterior medial 
prefrontal cortex in the autistic group compared to the control group (Ernst et al. 
1997). The dopamine transporter binding can be studied using 99mTc-TRODAT-1 
imaged by SPECT or 11C-WIN-35,428 imaged with PET. Increase in the dopamine 
transporter binding has been reported throughout the whole brain in children, and in 
orbital frontal cortex in adults with autism (Chugani 2012).

Abnormal findings in serotonergic system have been consistently reported in 
ASD. Pioneering work from Chugani and colleagues provided evidence of focal 
abnormalities in serotonin synthesis along the dentate-thalamo-cortical pathway 
in autistic children, using α-11C-methyl-L-tryptophan imaged with PET (Chugani 
et al. 1997). Decreased serotonin transporter binding has been reported throughout 
medial frontal cortex, midbrain, and temporal lobes of children with autism, deter-
mined by the SPECT radiotracer 123I-nor-B-CIT (Makkonen et al. 2008). Similarly, 
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a PET study using 11C-McN-5652 detected reduction in serotonin transporter in the 
anterior and posterior cingulate cortices of autistic adults, correlated with impair-
ment in social cognition, whereas the reduction of binding in the thalamus was 
correlated with repetitive or obsessive behavior (Nakamura et al. 2010). Murphy 
and colleagues studied the serotonergic neurotransmission using the SPECT tracer 
123I-5-I-R91150 for receptor binding in a group with Asperger’s syndrome (Murphy 
et al. 2006). They found significantly reduced serotonin receptor binding in total, 
anterior, and posterior cingulate cortex, bilateral in frontal and superior temporal 
lobes and in the left parietal lobe. In summary, nuclear medicine imaging techniques 
provide convincing evidence of altered serotonin synthesis, transporter and recep-
tors in small cohorts of children and adults with autism.

The symptoms of ASD have been linked to alterations in GABA neurotransmis-
sion system. Recent preliminary investigation used emission tomography studies 
to address this hypothesis. Mendez and colleagues found significantly lower 11C-
Ro15-4513 binding imaged with PET in adults with ASD (Mendez et al. 2013), 
in accordance with a decrease in the accumulation of 123I-IMZ in the superior and 
medial frontal cortex measured by SPECT (Mori et al. 2012). These results provide 
initial evidence of a GABA(A) deficit in ASD and support further investigations of 
the GABA system in this disorder.

6.6.3  Activation Studies

Similar to fMRI, neurovascular coupling forms the basis for mapping patterns of 
activation in the working human brain using PET and SPECT. Considering that in-
crease in regional blood flow are subtle, obtaining a reliable activation map depends 
on sophisticated subtraction algorithms, which calculate the differences between the 
pattern of blood flow or metabolism during the task and the control state. Emission 
tomographies exhibit less temporal and spatial resolution than fMRI. Nevertheless, 
its capacity to display the brain activity at the time of the uptake in the tissue makes 
it a suitable alternative to obtain valuable information about task-related changes in 
brain functioning of noncooperative patients, such as autistic children.

An early study of autistic male patients using 15O-water PET reported a reduced 
level of activation of the right dentate nucleus and the left frontal area in response 
to language stimuli (Rapoport and Cutler 1985). The same radiotracer was used to 
explore the brain organization of audition and language in high-functioning autistic 
adults (Muller et al. 1999). The results provided support for a typical hemispheric 
dominance for receptive language in autism, probably related with delay in matu-
ration of structures that normally participates in expressive language, cognitive-
attentional and affective functions. Other PET studies have reported abnormal 
pattern of cortical activation in individuals with autism. Metabolism of temporal 
regions, specialized in the perception and integration of complex sounds, is affected 
in both children and adults with ASD. These results were interpreted as evidence 
that the left hemispheric language processing areas do not function efficiently in 
autism. The impairment in the activation of the so-called “theory of mindh network 
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 (superior temporal sulcus, medial frontal gyrus, right temporal pole) in ASD was 
demonstrated using PET with stimuli of animations of triangles that performed in-
teracted movements that evoked social interpretations. An extensive review can be 
seen in (Williams and Minshew 2007).

Few case studies have been carried out in individuals with savant skills. These 
studies found increased activation across cortical regions, especially over frontal 
and parietal lobes, in the savant as compared with typical controls (Corrigan et al. 
2012). Although the number of studies is limited, they provide useful evidence that 
in some individuals with autism, certain overdeveloped brain circuits may lead to 
extraordinary abilities.

6.7  Autism as a Distributed Disorder

Autism is a disorder primarily affecting high-order integration processes, in the so-
cial, emotional, linguistic, motor, attentional, executive, and visuospatial domains. 
As described throughout this chapter, neuroimaging studies support substantial evi-
dence to suggest the notion of neural network reorganization in ASD. In this frame-
work, it is obvious that ASD cannot be explained as a localized defect, but needs to 
be modeled as a network disorder (Just et al. 2012; Melillo and Leisman 2009). This 
has led researchers to focus on the characterization of large-scale brain connectivity 
in order to move the knowledge of factors underlying ASD further ahead.

In sections 3.1 and 4.2 were outlined the fMRI and DTI-based techniques to 
address functional and anatomical connectivity, respectively. Results of these ap-
proaches in ASD point to altered brain connectivity as a key feature of its patho-
physiology. In fact, the cortical underconnectivity theory emerged from fMRI stud-
ies that showed impairment in the coordinated functioning between frontal and 
posterior brain regions in autism. This under-synchronization has been replicated in 
a wide variety of task using fMRI and electroencephalography (EEG). DTI studies 
seem to suggest that impairments in white matter integrity may underlie the reduced 
coordination of activity across brain regions, giving rise to core features of ASD.

The development of a unifying model of connectivity in ASD has been chal-
lenged by the heterogeneity and sometime contradictory results. Most of the data 
available are consistent with decreased long-distance connectivity, but increased 
short-range connectivity has also been reported. Rather than simply considering 
these findings as contrary, mixed results from neuroimaging suggest different neural 
networks architecture in the brains of individuals with ASD, where pathological 
connections probably coexist with compensatory reorganization of anatomical and 
functional networks. Recently, multicenter studies have been designed to identify 
ASD progression biomarkers to improve the understanding of disease neurobiology. 
For example, the Autism Brain Imaging Data Exchange (ABIDE) comprised MRI, 
rsfMRI, and phenotypic information from 539 individuals with ASD and 573 age-
matched TD controls. Preliminary results from ABIDE highlight the core signifi-
cance of the insula, posterior cingulate cortex, and thalamus. Moreover, whole-brain 
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analyses reconciled seemingly disparate findings of both hypo- and hyperconnectiv-
ity in ASD, with expected dominance of hypoconnectivity, particularly for cortico–
cortical and interhemispheric functional connectivity (DiMartino et al. 2013).

Recent approaches have applied graph theory to anatomic and functional con-
nectivity data derived from neuroimaging, in order to study whole-brain network 
topology. Typical graph theoretical approaches treat individual voxels or regions 
as nodes in a complex network and assess the structural or functional properties 
of how these nodes interact in a dynamical system (Fig. 6.6, 1–3). After the whole 
brain connectivity networks are constructed, the network topology is investigated 
and statistical analysis is employed to compare ASD with TD using network metrics 
and connectivity strengths between regions. Disturbances of connectivity in ASD 
involve significant changes of network parameters such as the global efficiency 
and characteristic path length, as measures of network integration, and cluster coef-
ficient and local efficiency, as measures of local specialization. Decreased global 
efficiency in ASD networks, as shown in Fig. 6.6 (4), indicates a disruption in the 
capacity of the network to maintain efficient global information flow between its 
nodes. Higher cluster coefficients, smaller characteristic path length in functional 
networks (Hai et al. 2014), and differences in global and local wiring cost in mor-
phological networks (Ecker et al. 2013)have also been reported in ASD in compari-
son with TD groups.

Fig. 6.6  Upper: General scheme for the extraction of the network metrics. 1 DTI-based con-
nectivity networks; 2 Connectivity matrices are extracted using connectivity strengths between 
anatomical regions; 3 Whole brain network visualized in anatomical space. A node in the net-
work, depicted as a dot, represents a brain region. The connection strength between two regions is 
depicted by a line. Lower: 4 Comparison of global efficiency for ASD ( red) and TD ( blue) groups. 
5 Significant correlation between anatomical and functional connectivity in a graph theory frame-
work. Data courtesy of the Brain Images Processing Group at CIREN, Havana
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However, the relation between abnormal circuitry and the behavioral patterns 
observed in ASD is not straightforward. A recent study showed that standard EEG 
coherence analysis did not resemble structural connectivity in autism (Coben et al. 
2014). More advanced approaches to functional and anatomical analysis may pro-
vide more detailed and accurate information about the complicated picture of con-
nectivity anomalies in ASD. Based on innovative statistical approaches to EEG co-
herence analysis (Machado et al. 2014) and graph theory, we were able to predict 
the behavior of lower EEG bands from DTI data in ASD, shown in Fig. 6.6 (5). 
This suggest that integration of higher bands activities (e.g., gamma band), associ-
ated with a variety of integrative processes including attention, face processing, and 
emotional arousal, with anatomical circuitry into a unified approach, may require 
more sophisticated models. In this context, graph theory can provide a common 
framework to deal with the complexity of dynamic networks in ASD, as it addresses 
simultaneously principles of brain functioning such as specialization and integra-
tion. Thus, atypical patterns of network topology could become hallmark neurobio-
logical features of autism in the future.

6.8  Conclusions

Although a diagnostic imaging marker is at present still lacking, recent neuroim-
aging techniques reveal significant functional and microstructural changes in the 
brains of autistic children and adults. This highlights the importance of a synergis-
tic and integrated use of multiple imaging modalities to gain new insight into the 
pathophysiology of ASD, diagnosis of which remains clinical. Imaging techniques 
have the potential of elucidating the anatomical and functional substrate of aberrant 
connectivity in autism and as such hold promise to ultimately assist with the devel-
opment of diagnostic markers and biologically guided treatments in ASD. Available 
data suggest that the neural networks in the brains of individuals with ASD are 
connected and organized differently than the neural networks in the brain of TD in-
dividuals. Inasmuch, the investigation of interregional connectivity is necessary for 
the efficient completion of higher cognitive functions; the introduction of causality 
analysis and complex networks approaches could represent the basis for the modi-
fication of current image-based diagnostic procedures in ASD. In summary, neu-
roimaging provides a tantalizing glimpse into the neurophysiologic basis of ASD, 
revealing valuable information for devising new strategies for further investigation 
of these disorders.
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opment and physiopathology of autism. Although the exact mode in which genetic 
and environmental factors interact in various psychiatric conditions, including 
autism remains largely unclear, a comprehensive understanding of these complex 
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of neuronal connectivity that may drive into phenotypes of autism spectrum disorder 
(ASD) is of the greatest importance to understand its causes and develop successful 
strategies to treat and revert its consequences. Available evidence strongly supports 
the involvement of maladaptive neuroplasticity, mutations, epigenetic modification, 
and individual miRNA-related pathways in the pathogenesis and pathophysiology 
of the complex clinical phenotypes that is included in ASD.
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7.1  Introduction

Psychiatric illnesses, including autism spectrum disorder (ASD) are disabling dis-
orders with a poorly understood pathophysiology. However, it is becoming increas-
ingly evident that these disorders result from the disruptions across whole cellular 
networks, including the cellular plasticity cascades, rather than any particular mono-
amine system, which lead to aberrant information processing and to altered func-
tions and diseases. Alterations of synaptic connectivity have been well documented 
as cause of the aberrant social behavioral and other main symptoms in autism. Our 
objective in this chapter is to offer clues towards a better understanding of all these 
events in autism and how it could reveal fundamental insights into the causes of 
these devastating illnesses and/or offer potential novel targets for the intervention.

In its modern form, autism was first described independently by Kanner (Kanner 
1943) in the USA and Asperger (Asperger 1944) in Germany in the fourth decade 
of the twentieth century. Both men were born in the Austro–Hungarian Empire, and 
they described what are now considered two of the main forms of autism within the 
ASD: low- and high-functioning autism. Some consider that Asperger might have 
been autistic himself (Lyons and Fitzgerald 2007). Initially considered a psycholog-
ical disturbance, clinical and experimental evidences have led to the current concept 
that ASD is the result of a generalized neurodevelopment disorder.

The molecular and cellular mechanisms involved in the development of the ner-
vous system are the same that sustain the fundamental property of neural plasticity 
(Bergado-Rosado and Almaguer-Melian 2000). Neural plasticity can be defined as 
the ability of the nervous system to change its functional and structural properties in 
response to external or internal challenges (Bergado-Rosado and Almaguer-Melian 
2000). Structural changes include neurite extension (axons or dendrites), the even-
tual formation or elimination of synapses, as well as (at least in certain regions 
of the adult brain) to breed new neurons. Functional plasticity implicates mainly 
changes in the efficacy of synaptic transmission in existing synapses, both in the 
form of an increase (i.e., long-term potentiation (LTP)) or a decrease (i.e., long-term 
depression (LTD)).

7.2  Neural Plasticity

The concept of neural plasticity evolved during the twentieth century from a very 
rigid and immutable vision of the nervous system (Cajal 1911) to one in constant 
change and remodeling due to what in general terms we call experience (Greenough 
et al. 1987). Important landmark in this conceptual evolution was the demonstration 
of the live experiences that (i.e., laboratory rats living in enriched environments) 
shape the brain after birth (Rosenzweig et al. 1962a, b). Similarly, the demonstrated 
influences of visual inputs (i.e., monocular deprivations in kitten) in the postnatal 
development of the visual system (Hubel and Wiesel 1998) contribute to break the 
wall of immutability. The proven relationship between neuronal metabolism and 
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memory consolidation (Flood et al. 1975; Flexner et al. 1965) and the recognition 
of memory as the most common expression of plasticity in the adult nervous sys-
tem (Matthies 1976, 1989), reminded us that neurons, beyond cable properties, are 
living cells and not simple devices in electric circuits. The experiments performed 
by Merzenich and coworkers in the 1980s (Merzenich et al. 1984, 1983) provided 
irrefutable evidence that even in the adult brain, well-established circuits—like 
those expressed in the sensory and motor homunculi—were able to change under 
the drive of experience. Finally, the demonstration in birds that new neurons could 
be generated in certain areas of the adult brain (Nottebohm 1989, 2011) rapidly 
extended to mammals, signed the birth certificate of a new way to understand the 
nervous system.

At the cellular level, neuroplastic changes rely on the mechanisms that are pres-
ent since earlier periods of neural development like neurogenesis, to other that ex-
press in later stages, i.e., neurite grow and synaptogenesis, and finally changes in 
synaptic connectivity that occur during the whole life (for example LTP and LTD).

The cellular machinery involved in the regulation and expression of these pro-
cesses includes the participation of an external messenger, represented by a neu-
rotransmitter, a hormone, a growth factor or a component of the extracellular ma-
trix. Any of these agents interact with specific receptors linked to molecular cas-
cades in which protein kinases play the essential role. These enzymes can act at 
two different levels: in the cytoplasm, where they phosphorylate existing proteins 
modifying their functional status and in the nucleus, where kinases act as transcrip-
tion factors that lead to the activation of genes and the synthesis of new proteins. 
These proteins determine the functional and structural modifications that can result 
in neuritic extension or retraction, synapse formation or elimination, or modifica-
tions in synaptic efficacy.

LTP was demonstrated in 1973 (Bliss and Lomo 1973) and is a good example 
of how this control machinery works to produce experience-driven changes in neu-
ral function. The classic form of LTP is induced by high-frequency stimulation of 
excitatory glutamatergic afferents to a neuronal population, allowing the entrance 
of a calcium current into the postsynaptic neurons through N-methyl-D-aspartate 
(NMDA) receptors (Collingridge 1985; Collingridge and Bliss 1987; Dupuis et al. 
2014; Collingridge et al. 2013, 1992; Bashir et al. 1991; Volianskis et al. 2013). 
Increased intracellular calcium activates kinases like the calcium–calmodulin-acti-
vated kinase (CaMK) (Hedou and Mansuy 2003; Huber et al. 1995a, b, c) which is 
anchored to the postsynaptic densities (Zhang and Lisman 2012). Activated CaMK 
phosphorilates α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) 
receptors (Andrasfalvy and Magee 2004; Derkach et al. 1999; Lisman and Zhabo-
tinsky 2001) and promotes the membrane inclusion of vesicles (called endosomes) 
which carry AMPA receptors to the postsynaptic membrane (Lisman and Zhabo-
tinsky 2001; Hayashi et al. 2000) that are presumably responsible for an increased 
membrane response to glutamate.

This mechanism is able to sustain a temporary increase of synaptic reactivity 
in what is now conceived as an early phase of LTP (E-LTP) (Matthies et al. 1990). 
For a longer maintenance of LTP (more than 4 h), the synthesis of new proteins 
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is required (Frey et al. 1988; Krug et al. 1984). This phase of late LTP (L-LTP) is 
carried out by the combined action of protein synthesis and distribution to the po-
tentiated synapses by a mechanism of synaptic tagging demonstrated by Frey and 
Morris in the late 1990s (Frey and Morris 1997a, b).

LTP-related protein synthesis can be activated by different kinases. Some, like 
CaMK, are activated by glutamatergic mechanisms; whereas others like protein ki-
nase A (PKA) require the cooperative activation of cathecholaminergic synapses. 
They are part of the cascades whose final products enter the nucleus and promote 
the synthesis of proteins required to maintain and consolidate the change in synap-
tic efficacy, collectively termed as plasticity-related proteins (McNair et al. 2006; 
Nedivi et al. 1993). The subunits of AMPA receptors are among them.

After the formation of the neural tube and the neural crests, a chain of processes 
transform this single-layered structure into the spinal cord and our convoluted brain 
(Pescosolido et al. 2012). The first step in this transition relies on successive mitotic 
divisions that generate trillions of neural cells (including glia). Much more neurons 
are generated than those that remain in the brain. A process of selective death via 
apoptosis eliminates as many as the 50 % of the new formed nerve cells before birth. 
Genetic mutations that interfere with neural apoptosis are lethal (Jessell and Sanes 
2013).

Many of the new generated neurons migrate following the routes marked by 
radial glial to form layered cortices. Other follow the route marked by attraction or 
repulsion factors until they reach their final destination and enter an intense phase 
of differentiation (Valiente and Marín 2010). Mutations affecting the proteins con-
trolling migration can lead to severe malformation like is the case of lissencephaly 
(Marín and Rubenstein 2003; Valiente and Marín 2010), a condition associated with 
severe mental retardation and seizures. Both processes are independent from expe-
rience, and are mainly controlled by genetic factors activated by local substrates 
(i.e., positional value in the egg).

Neurite elongation is an essential part of neural differentiation. Axons can extend 
only a few microns in the case on local interneuron’s, or dozens of centimeters in 
the case of projection neurons. Axon growth, all the way to their target, results from 
the interaction of receptors expressed on the tip of the axon (the growth cone) and 
markers that can attract or repel this “exploring” device (Huber et al. 2003; Rossi 
et al. 2007).

Synaptogenesis occurs later in development, when axons reach a target and find 
a dendritic counterpart in the form of a filopodium (Scheiffele 2003). The initial 
contact forms a bond which is later reinforced mechanically by trans-synaptic bind-
ing molecules, and functionally by the formation of vesicles, a docking complex, 
and a postsynaptic density, among other (Scheiffele 2003; McAllister 2007). This 
initial synapse contacts are guided mainly by factors that do not depend on experi-
ence. The process of neurite growth and synaptogenesis are not perfect. Most of 
the axons do reach their main target, but others travel to distant regions. Conse-
quently, many synapses initially formed are eliminated (synaptoapotosis) (Mattson 
et al. 1998) during the last stages of intrauterine development and the early period 
of postnatal life. However, this selective pruning is not perfect and many of these 
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“aberrant” synaptic connections remain. Those are the base of the so-called cross-
modal plasticity (i.e., the visual cortex process auditory signals in blinded persons) 
(Bavelier and Hirshorn 2010)or the intriguing phenomenon of synaesthesia (i.e., a 
sensation of color is evoked by tasting a flavor) (Sinner 2012).

The process of refinement of synaptic connections depends on experience that 
is characterized by Greenough as experience-expectant plasticity (Greenough et al. 
1987). During the early years of postnatal development, the nervous system un-
dergoes maturational changes. Some depend from the kind, intensity, and timing 
of stimuli that are common to the members of one species, but need to be present 
at the right time to occur. The main mechanism is the already mentioned process 
of synaptic pruning of many aberrant synapses and the functional reinforcement of 
other connections leading to the acquisition of improved sensory and motor abilities 
(perception, walking, manipulative skills) and language. The classical experiments 
of Hubel and Weisel in monocularly deprived kittens are excellent examples of this 
process (Hubel and Wiesel 1964). The need of external stimuli for this maturation 
to occur, along with the need that these stimuli occur at the right time, leads to the 
concept of critical periods of development (Berardi et al. 2000).

Autism is now believed to be a consequence of failures of these early postnatal 
maturational processes (LeBlanc and Fagiolini 2011; Berger et al. 2013), and as it 
happens in many other instances affecting development, it can have genetic causes, 
but the contribution of an inadequate experience should not be overseen.

7.3  ASD and Developmental Mechanisms

Genetic factors have been demonstrated in conditions like the Fragile X syndrome, 
tuberous sclerosis, and Rett disease that share some behavioral traits with autism 
and are now considered within ASD. In fact, autism is a highly heritable condition, 
as shown by familiar and twin studies (Banerjee et al. 2014; Goldani et al. 2014; 
Anderson 2014). However, the diversity of conditions under the ASD is so wide 
that it seems very difficult to identify a small number of affected genes. In recent 
reviews, more than 20 genes linked to ASD are mentioned (Banerjee et al. 2014; 
Pescosolido et al. 2012). Interestingly, many of them are directly linked to neural 
development, synaptogenesis, and synaptic function.

An interesting approach could be the study of gene networks using new com-
putational tools like the so-called weighted gene co-expression network analysis 
(WGCNA). Ben David and Shifman applied WGCNA to genetic data provided by 
the Allen Human Brain Atlas project (http://www.brain-map.org) and were able to 
identify modules of co-expressed genes that contain the genes potentially related 
to some forms of ASD. One of the modules contained genes that produce proteins 
essential for neural plasticity, while the other is enriched in proteins required for 
synapse formation and function (Ben-David and Shifman 2012a, 2013, 2012b).

Epigenetic modifications of gene expression have also been implicated in ASD. 
These mechanisms suppress expression of genes by the methylation of DNA or 
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acetylation of the proteins (histones) that cover the DNA molecule (Mehler 2008). 
Epigenetic modifications are important in neural development, (Fagiolini et al. 
2009; Mathers and McKay 2009; O’Shea 2001) neural function, and plasticity  
(Borrelli et al. 2008; Covic et al. 2010; Day and Sweatt 2011; Levenson and Sweatt 
2005; Lubin 2011; Lubin et al. 2011; Puckett and Lubin 2011) as well as in neuro-
pathology (Denk and McMahon 2012; Feinberg 2007; Hwang et al. 2013; Lee and 
Ryu 2010; Qureshi and Mehler 2010; Smith 2011; Tsankova et al. 2007). It has been 
suggested that a dysregulation of DNA methyltransferases and histone deacetylases 
may reduce the repression of genes, leading to an aberrant pattern of connectivity 
between relevant brain areas in autistic subjects (Mbadiwe and Millis 2013).

The recently discovered microRNAs (miRNAs) are a class of endogenous small 
noncoding RNAs able to regulate translation or transcription of specific mRNAs 
(Liu and Kohane 2009; Xu et al. 2012). They can repress translation of hundreds 
of genes and target a multitude of cellular mechanisms (Costa-Mattioli et al. 2009; 
Costa et al. 2012). miRNAs expressed in the brain are implicated in maintaining 
normal neuronal function and homeostasis which in turn is associated with memo-
ry, neuronal differentiation, synaptic plasticity, and neurogenesis as well as neuro-
nal degeneration (Barry 2014; Costa-Mattioli et al. 2009; Krichevsky et al. 2003;  
Schratt et al. 2006). Thus, dysfunctional miRNAs might underlay the disturbed syn-
aptic connectivity in ASD.

A dysregulation in the expression of two miRNAs of the same family (132/232), 
important for the experience-dependent cortical plasticity, has been the most rel-
evant finding in ASD. The miR-132 also regulates the immune response and is rec-
ognized to be induced by endotoxines (Im and Kenny 2012; Hansen et al. 2013) and 
to be affected by cytomegalovirus infection, contributing to autism pathogenesis 
(Onore et al. 2012b, a). Also, it is known that miR-132 has an effect on the synap-
tic structure, which is modulated by the Fragile X protein (FMRP), a product of 
the Fmr gene responsible for fragile X mental retardation, and a reduced level of 
miR-132 is found in Rett syndrome (D’Hulst and Kooy 2009; Xu et al. 2012; Olde 
Loohuis et al. 2012).

Other miRNAs, like miR-195, miR-219, miR-181b, miR-128b, and miR-346 
may underlay an altered cascade of molecular events leading to maladaptive neural 
plasticity and autism (Chan and Kocerha 2012; Edmonson et al. 2014; Ziats and 
Rennert 2013b, a; Sarachana et al. 2010). miR-195 is known to target brain-derived 
neurotrophic factor (BDNF) (Mellios and Sur 2012) and miR-128b to inhibit cAMP 
response element-binding (CREB) (Lit et al. 2012), whereas miR132/232 are in-
duced by BDNF and positively regulate CREBS signaling, a transcription factor 
that regulates diverse cellular responses, including proliferation, survival, and dif-
ferentiation (Hollander et al. 2010; Iacoangeli et al. 2010). Other presumed miR-
NAs linked to autism are miR-495 and miR-381, and two BDNF-regulating miR-
NAs (Cristino et al. 2014; Sarachana et al. 2010; Wu and Levitt 2013; Edmonson 
et al. 2014; Lit et al. 2012).

While the majority of miRNAs upregulated by both LTP and LTD, temporal 
expression patterns seem to differ between these two forms of plasticity (Park and 
Tang 2009). So, results from Goodman and cols in a knockout (KO) mouse lacking 
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miR-132 and/or Mr-212 showed the involvement of both miRNAs in the matura-
tion of dendrites of newborn neurons in the adult hippocampus, while simultaneous 
deletion of the miR-132/212 genes caused a severe reduction in dendritic length, 
arborization, and spine density. On a similar road miR-132 inhibitors were able 
to block CREB effects on dendritic maturation, arguing the suggestion about the 
involvement of miR-132 in CREB signaling (Magill et al. 2010). It is also impor-
tant to point that BDNF-induced miR-132 upregulates glutamate receptors at the 
synapse, as a support to the notion on miR-132 role in controlling synaptic structure 
and function (Gao et al. 2010; Olde Loohuis et al. 2012).

Different pathways can modulate miR-132’s effects on synaptic plasticity and 
connectivity to contribute autism pathology. Briefly, mutations in methyl CpG 
binding protein 2 (Mecp2) increase miR-132 expression via BDNF and by mir-137 
binding its promoter transcriptional inhibition (Peca and Feng 2012; Wright et al. 
2013). However, the major relevance in autism may rest on miR-132/212 induced 
by BDNF and regulating positively CREB signaling (Hollander et al. 2010) in com-
bination with miR-495 and miR-381 also regulated by BDNF. Other relevant path-
way influenced by an altered miRNAs expression in ASD is the phosphoinositide 
3-kinase (P13K)/protein kinase B (PKB/Akt), also affected by BDNF signaling. 
This PKB is induced by phosphatase and tensin homolog (PTEN), a controller of 
Akt, and PTEN mutations are responsible for a high percentage of subtypes of syn-
dromic ASD. Akt is activated by trophic factors and once that trophic factor binds 
its specific receptor, P13K is recruited and an anti-apoptotic effect may occur by 
direct regulation of the apoptotic pathway and cellular metabolism and by transcrip-
tional control of molecules promoting cell survival (Huang and Tindall 2007; Song 
et al. 2005; Vaishnavi et al. 2013).

Results obtained in animal models of Fragile X syndrome suggest that this ge-
netic condition and ASD also share a deficient gamma-aminobutyric acidergic (GA-
BAergic) inhibition, and consequently, excess excitability in critical areas like the 
amygdala, the cortex (Paluszkiewicz et al. 2011), and the hippocampus. There is 
also growing evidence that “a dysfunction of the GABAergic signaling early in de-
velopment leads to a severe E/I unbalance in neuronal circuits, a condition that may 
account for some of the behavioral deficits observed in ASD patients” (Pizzarelli 
and Cherubini 2011). Early postnatal development is a period in which experience 
shape and adjust the nervous system to its mature, functional basic form, and a bal-
ance between excitation and inhibition is essential for the correct outcome of critical 
maturation processes (LeBlanc and Fagiolini 2011).

Several important “players” in neural plasticity molecular cascades have been 
suggested to have causal links with conditions within the ASD. In animal models 
of autism, an elevated level of NMDA receptors and enhanced LTP (Rinaldi et al. 
2007)or impaired LTD (Moretti et al. 2006) have been described.

As mentioned before, protein kinases are essential links between external signals 
and nuclear regulation. One pleiotropic serine–threonine kinase called mammalian 
target of rapamycin (mTOR) has gained attention for its central role in plasticity and 
its presumed relationships to autism. mTOR is influenced by activation of glutamate 
receptors like the NMDAR, the AMPAR, and the metabotropic glutamate receptor 
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(GluR), acting as a connecting node to downstream kinases like phoshoinositide 
dependent kinase, phosphatidyl inositol kinase, Akt, and tuberous sclerosis com-
plex protein 1 and 2 (Hoeffer and Klann 2009). Altered mTOR-signaling impairs 
synaptic plasticity and possibly other form of neural plasticity because of an altered 
protein synthesis and turnover. Dysregulated mTOR activity has been documented 
in tuberous sclerosis, neurofibromatosis, Fragile X, and other neurological disease  
like autism, all inserted in a complex network of molecular pathway involving 
epigenetics (i.e., immune factors) and genetic factors linked to neural plasticity  
(Gipson and Johnston 2012).

7.4  Autism Development and Immune Mediators

Neuroinflammation, a CNS-specific inflammation that do not reproduce the classic 
characteristics of inflammation in the periphery, can engender progressive events 
similar to neurodegenerative disorders (Morgan et al. 2010; Pardo et al. 2005;  
Vargas et al. 2005). In general, neuroinflammation is characterized by the reactiv-
ity of microglial cells with an increased expression and/or release of cytokines and 
chemokines and other neurotoxic factors (Monnet-Tschudi et al. 2011; Zimmerman 
et al. 2005; Vargas et al. 2005; Chez et al. 2007), and unbalance of neurotrophins 
(NGF, BDNF, NT3/4) reported as altered in autism. Several studies have provided 
strong support to the theory of neuroinflammation occurring at disperse brain re-
gions like: the cerebellum, midfrontalcortex, Brodmann’s Area 40 (BA 40) in the 
parietal cortex, BA9 (superior frontal cortex), and cingulate gyrus (Pardo et al. 
2005; Vargas et al. 2005; Zimmerman et al. 2005) in ASD. Neurotrophic factors and 
their receptors like BDNF and TrkB are necessary for plasticity and able to induce 
plasticity (Bramham and Messaoudi 2005; Cao et al. 2013).

The nervous system share numerous immune molecules; among these are human 
leukocyte antigen (HLA) genes located within a large genomic region named as 
major histocompatibility complex (MHC). These immune molecules play integral 
roles in the CNS throughout neural development, affecting neurogenesis, neuro-
nal migration, axon guidance, synapse formation, activity-dependent refinement 
of circuits, and synaptic plasticity (Garay and McAllister 2010; Deverman and  
Patterson 2009). The prevailing hypothesis is that immune molecules in neurons en-
gage MHC receptors, generating common intracellular signals in both neurons and 
immune cells that may result in an altered synaptic strength, neuronal morphology, 
and circuit properties downstream of synaptic activity (Ohtsuka et al. 2008; Syken 
et al. 2006; Fourgeaud et al. 2010; Fourgeaud and Boulanger 2010).

Earlier studies suggested that mothers of children with ASD share more HLA 
haplotype than typically developing mother–child pairs. Further studies showed that 
a particular HLA (HLA-DR4) occurs more often in children with ASD. Hypothesis-
driven genetic assessments revealed that the HLA A2 (MHC class I) and HLA DR4 
(MHC class II) loci contained single nucleotide polymorphisms (SNPs) associated 
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with ASD, reinforcing the evidences on the association of genomic variation in the 
MHC region with ASD (Stubbs et al. 1985; Stubbs 1981; Torres et al. 2002, 2006; 
Hu et al. 2006).

Other data have suggested that genetic abnormalities in the MHC in autism in-
cluded the genes located in the proximity of HLA genes like MET (encoding ty-
rosine kinase), the serine ad threonine kinase C gene PRKCB, PTEN mentioned 
above and the reelin gene ( RELN) as well as elevated levels of inflammatory cyto-
kines in the CNS contributing to behavioral pattern in ASD have been also reported 
(Hu et al. 2006).

It has been hypothesized that MHC class I acts at CNS synapses to mediate ac-
tivity-dependent synaptic weakening and elimination of inappropriate connections, 
whereas alternative hypothesis suggest an indirect contribution to neural refinement 
by altering the structure and function of synapses and changing glutamate-receptor-
mediated synaptic activity patterns (Datwani et al. 2009; Shatz 2009). Nevertheless, 
further studies are required to establish the roles for MHC molecules in refinement 
of connections during CNS development and their impact in neurodevelopmental 
disorders.

7.5  Autism and Connectivity

The cellular mechanisms underlying activity-dependent refinement of connections 
during CNS development are thought to involve a regulated combination of Heb-
bian synaptic plasticity, LTP/LTD and synaptic pruning, and homeostatic plasticity 
(Fourgeaud et al. 2010; Fourgeaud and Boulanger 2010).

In the later-developing cortical regions, severe disruptions resulted in a dimin-
ished functional connectivity among the regions of autistic brains (Verly et al. 
2014a, b; Wass 2011; Ziats and Rennert 2013b). Long-distance underconnectivity 
is reported in many studies showing an abnormal brain connectivity associated to 
an upregulated GABA neurotransmission (Di et al. 2011; Kana et al. 2009; Wass 
2011; Minshew and Keller 2010; Just et al. 2007), whereas others show a lower 
functional connectivity between the higher-order working memory/executive areas 
and the visuospatial regions at frontal and parietal–occipital level demonstrated by 
a combination of behavioral, functional magnetic resonance imaging (fMRI), func-
tional connectivity, and corpus callosum morphometry (Damarla et al. 2010, Pate 
et al. 2010). A diminished connectivity between anterior and posterior insula and 
other specific brain regions involved in emotional and sensory processing has also 
been reported in ASD (Ebisch et al. 2011). Impaired connectivity between nearly 
all striatal subregions and heteromodal associative and limbic cortex also has been 
implicated in the physiopathology of ASD (e.g., insular and right superior temporal 
gyrus) (Di et al. 2011) as well as at level of fiber tract abnormalities in the corpus 
callosum, internal capsule, and middle cerebellar peduncle and all three segments of 
the internal capsule (Courchesne 1997; Ziats and Rennert 2013b). The cerebellum 
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strongly implicated in the connectivity process, shows anatomic abnormalities in 
autism and the Purkinje cell, the main output cell in the cerebellum, is also signifi-
cantly diminished in number in this disorder (Courchesne 1991, 1997; Belmonte 
et al. 2004).

On the other hand, studies performed by Kova et al. (Kovacs et al. 2009) show 
that neurological and non-neurological symptoms, like impaired social interaction, 
impaired verbal communication, failure to respond name, repetitive movements, 
avoidance of eye contact with other people, unusually sensitive to light, sound and 
touch, self-abusive behavior, restless movement, poor judgment, changes in mood 
and personality, oblivious to pain as well as increase gut permeability, all described 
in autism are a consequence of an altered synaptic transmission (Mor et al. 2011; 
Dijkstra et al. 2004; de Theije et al. 2011, 2014a, b).

The consistent pattern emerging across several studies is that while intrinsic 
functional connectivity in adolescents and adults with autisms is generally reduced, 
compared with age-matched controls, functional connectivity in younger children 
with the disorder appears to be increased (Uddin et al. 2013). Reports using electro-
encephalography recordings show that the greatest alterations of the dynamic brain 
connectivity are present in children with the worse autistic symptoms (Valko et al. 
2007; Streit et al. 2004; Rodriguez and Kern 2011). More details are given in the 
chapter of electrophysiology.

7.6  Conclusions

While the importance of genetics—from genes to miRNAs—molecular cascades, 
supports a heritable of ASD, the particular role of early postnatal neural plasticity 
and its shaping by experience are not well understood. Studies are required to as-
sess the impact of parental care, social interactions, affection, and other sources of 
experience during infancy. These early ages are associated with maturative trans-
formations of the nervous system that might be heavily impaired if not properly 
stimulated. That is what is called a critical developmental period, and evidence of 
their impact in children development is old: mental retardation as a consequence of 
hospitalism or anaclitic depression (Crandall 1897), amblyopia resulting in children 
with congenital cataracts (Webber and Wood 2005), or language inabilities in the 
few document cases of feral children (Abello 1970). In the case of ASD, there are 
still more questions than answers; can a wrong nurture, by itself provoke autism? 
Or the contribution of a genetic background is mandatory? Is it becoming a popular 
belief that an early and intensive exposure of children to TV can cause autism, and 
indirect statistical data offer some support to such view (Waldman et al. 2006).

Unraveling the links between nature and nurture in ASD is essential for the pre-
vention and treatment of this devastating condition, since targets from the molecu-
lar cascade involving genetic factor might be promissory and open new powerful 
therapeutic strategies.
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Abstract In recent years, an increasing number of mouse and rat models of autism 
has been validated. These models have shown face validity, exhibiting alterations in 
behavior similar to those observed in autistic individuals. Moreover, some of these 
models were aimed to study different putative etiological factors of autism spec-
trum disorder (ASD), successfully showing construct validity. More recently, these 
animal models have been proved valuable to assess the contribution of neuroin-
flammation to ASD. On the one hand, eliciting inflammation in the central nervous 
system (CNS) during development was shown to result in behavioral alterations in 
mice similar to those observed in autistic individuals. On the other hand, neuroin-
flammation and malfunction of the immune system have been observed in different 
animal models of autism. The use of animal models has then contributed to stress 
the role and effects of neuroinflammation to the pathophysiology of autism.

Keywords Autism · Neuroinflammation · Animal models

8.1  Introduction

After a bodily injury or pathogen invasion, the immune system stereotyped re-
sponse takes place. This mechanism of innate immunity is called inflammation, in 
contrast with the adaptive immune response, which is specific for each pathogen. 
This response is conducted by macrophages, dendritic cells, and leucocytes with 
the involvement of different kinds of cytokines and chemokines. The purpose is to 
isolate and eliminate the infectious agent, and to repair the damaged tissue.
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These mediators of peripheral inflammation are precluded from the brain by 
means of the blood brain barrier. This structure, formed by tight junctions of endo-
thelial cells around the capillaries, separates the circulating blood from the brain’s 
extracellular fluid and gives the central nervous system (CNS) an immune-privi-
leged status.

The CNS has its own resident immune cells called microglia, a type of glial cell. 
These cells differentiate from hematopoietic progenitors in the bone marrow (BM) 
that travel to the brain, where they settle and complete their differentiation to mi-
croglia. There, they act as macrophages but are also involved in a variety of process-
es like synaptic pruning and cortical plasticity (Tremblay et al. 2011). In the case of 
nervous tissue damage, they go through morphological changes and transform from 
the ramified resting state to an activated amoeboid state with phagocytic activity 
(Kreutzberg 1996). During microglial activation, phagocytic microglia travel to the 
injury site, where they proliferate and secrete cytokines.

In addition to microglia, astrocytes are another type of glial cells. These are star-
shaped cells with many cytoplasmatic processes that are involved in the physical 
structuring of the brain, and act as a skeleton during the development of the CNS 
to allow cellular migration. Besides this, their processes envelop neuronal synapses 
and regulate their activity through regulation of ion concentration in the extracellular 
space, growth factors production, and removal of excessive excitatory amino acids 
(Parpura et al. 2012). When the brain or the spinal cord is injured, astrocytes activate 
in a phenomenon called astrocytosis and participate in the removal of the damaged 
tissue, as well as in the scarring process. They also produce signals that can regulate 
the inflammatory response, such as cytokines, chemokines, and metalloproteases.

Neuroglial cells are important for the maintenance of neuronal functioning and 
homeostasis, and are involved in diverse phenomena such as cortical organization, 
neuroaxonal guidance, and synaptic plasticity (Fields and Stevens-Graham 2002). 
Since neuroglial cells are fulfilling roles both in the immune response and in neuro-
nal functioning, we can conclude that in a neuroinflammatory state these cells can 
produce big neuronal and synaptic modifications that ultimately will affect behavior 
and cognitive processes.

On this line, there is growing evidence of neuroinflammatory and immunologi-
cal abnormalities in patients with classical psychiatric disorders. In order to identify 
the agents that contribute to the etiology of these disorders, it is necessary to un-
derstand the neuronal mechanisms that regulate them. This is why the generation of 
animal models for the study of these diseases is essential.

8.2  Animal Models of Autism

Animal models of human diseases are valuable tools for studying the biological 
causes and mechanisms of disease, and for testing novel treatments. The use and 
validation of animal models of psychiatric diseases has emerged in the recent years 
and it has already proven valuable.
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Homologous models of psychiatric diseases are not very common. So far, no 
animal has been shown to suffer from known psychiatric diseases, sharing its causes 
and symptoms, and responding similarly to the treatments validated in humans. So 
homologous models, which are frequently used for other diseases (e.g., obesity or 
cancer research), are not usually found in psychiatric biology.

A more limited purpose of animal models is to study the effects of novel treat-
ments and to help developing new ones. This kind of model has been widely ex-
ploited for drugs targeting psychiatric symptoms. For example, rodents exposed to 
an open field experience a conflict between their fear-induced thigmotaxis and their 
desire to explore the novel environment (Belzung and Griebel 2001). A fearful ani-
mal would mainly explore the periphery of the field and avoid the center (especially 
if it is brightly illuminated). For years this test (the open-field test) has been used to 
test candidate anxiolytic drugs, proving a high predictive value: drugs that increased 
the exploration of the center of an open field in rodents showed an anxiolytic effect 
when administered to humans.

8.2.1  Criteria for Animal Models of Psychiatric Diseases

As in any experimental setup, two variables have to be taken into account for model-
ing a disease: the independent variable and the dependent variable. The independent 
variable is the modification introduced by the researcher; in this context, it is the 
intervention to an animal in order to induce an anomaly or specific behavior. The 
dependent variable is the result of that manipulation or the measurement performed.

In the case of animal models of human diseases and translational science, the 
main criterion these models should fulfill is to enable proper predictions. The ani-
mal model has predictive validity if a treatment tested on the animal has the same 
effects when it is provided to humans, as the example given for anxiolytic drugs. 
Sometimes it is possible to observe these effects without a clear understanding of 
the biological processes underlying them. For this reason, many researchers con-
sider predictive models only partially valuable and prone to undesired side effects, 
warranted when the mechanisms involved in the disease and the treatment are not 
fully understood.

Other characteristics improve the value of animal models of psychiatric diseases. 
Construct validity warrants that the etiological cause of the disease is the same that 
is causing the phenotype in the animal. To evaluate the construct validity implies 
knowing the implicit or explicit hypothesis of the cause of the disease, for example, 
knowing how specific genes and their products can be associated to specific disor-
ders. In this sense, numerous transgenic animals have been generated, with genetic 
mutations homologous to those identified in humans. The behavioral and pharma-
cological analyses of these models are important to identify the phenotypic changes 
that are associated with these mutations. They allow for comparing different hy-
potheses on the etiology of the disease and to explore novel treatments. They have 
also been valuable in testing the effects of different environmental factors.
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Finally, animal models should have face validity: the alterations observed in the 
animal and the symptom observed in the human patient should be similar. Behind 
this request, the belief that the phenotype observed in the animal emerges from the 
same physiologic processes than the human disease is implicit, something that is not 
always true and in many cases not possible to test.

8.2.2  Validity of the Proposed Animal Models of Autism

So, for an animal model of autism, we can expect it to have construct, face, and 
predictive validity, or at least some of them. The more a model recapitulates the 
etiological factors of a disease, shares the phenotype/symptoms, and accurately pre-
dicts the outcome of proposed treatment, the more valuable the model would be to 
research in that psychiatric disease.

The strength of the current models of autism comes mainly from their face valid-
ity. Focus has been made to model the three core symptoms of autism, and different 
tests have been developed to measure these behaviors in rodents (Crawley 2004, 
2007).

1. Reduced sociability. Mice being social mammals, reduced sociability can be 
readily detected and measured. Used tests include quantifying the interactions be-
tween two young or adult mice, measuring the social recognition and the response 
to a novel social stimulus, conditioned place preference, nesting patterns, or more 
complex analyses of the interactions between mice, such as gaze aversion (Bale-
mans et al. 2010; de Theije et al. 2014; Defensor et al. 2011; DeLorey et al. 2008; 
Depino et al. 2011; Lucchina and Depino 2013; MacFabe et al. 2011; Malkova 
et al. 2012; McFarlane et al. 2008; Pearson et al. 2012; Peca et al. 2011; Schneider 
and Przewlocki 2005; Singer et al. 2009). In addition, the response to social stimuli 
(social odor) has also been measured (Hamilton et al. 2011). In general, showing 
reduced sociability is expected from a rodent model of autism.

2. Repetitive, stereotyped behaviors. Some rodent behaviors can be considered 
stereotyped when they are expressed but not needed. The amount of time spent in 
these behaviors can be measured or they can be quantified. Self-grooming, bur-
rowing, and marble burying have been used to model this symptom (Amodeo et al. 
2012; Depino et al. 2011; McFarlane et al. 2008; Pearson et al. 2011). Also, the 
reversal of a position habit in an appetitive T-maze task or in the Morris water maze 
has been used (de Theije et al. 2014; MacFabe et al. 2011; Malkova et al. 2012). 
Finally, the response to a novel object in comparison with a known object has been 
studied (Pearson et al. 2011).

3. Communication. Although some researchers have proposed a kind of language 
in mice and rats, most attempts to model the communication deficits observed in 
autistic individuals have focused on vocalizations and responses to vocalizations, 
parental retrieval of separated pups and the ultrasonic vocalization (USV) of the 
separated pups, and scent (urine) marking (Hamilton et al. 2011; Scattoni et al. 
2008, 2011; Wohr et al. 2011).
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Construct validity has been mainly searched using data from epidemiological 
studies to validate the way the model is generated. So, genetic models have focused 
on allelic variants observed in autistic patients (Abrahams and Geschwind 2008), 
and environmental models have chosen drugs proved to increase the incidence of 
ASD (e.g., valproic acid (VPA)) or other nongenetic risk factors (e.g., prenatal in-
fection) to induce autism-related phenotypes in rodents.

Finally, predictive validity has been less explored in animal models of autism so 
far, when compared to other animal models of psychiatric diseases. In our opinion 
this could be due to the fact of this being a new field, and to the scarce availability 
of treatments for ASD patients. However, the relevance of these models on testing 
new treatments is being discussed in different reports (Meyer et al. 2005).

8.3  Studying the Role of Inflammation in Autism Using 
Animal Models

Two approaches can be envisioned to study the role of inflammation in autism. 
On the one hand, immune and inflammatory events can have an etiological role in 
autism. For these, animal models of different immune stimuli at different develop-
mental ages can be developed and, so far, they have provided valuable information. 
On the other hand, the occurrence and magnitude of inflammation and immune 
alterations can be evaluated in animal models generated using other, noninflamma-
tory environmental factors or genetic variants linked to autism.

In this section, we will review the animal models of autism generated through 
inflammatory stimuli or by activation of the immune system (Sect. 3.1). In addition, 
we will review the reports on immune alterations in noninflammatory and genetic 
models of autism (Sect. 3.2). This section does not aim to review all animal models 
of autism, but we will only report those in which inflammatory and immune altera-
tions have been evaluated.

8.3.1  Inflammatory Models of Autism

Among the numerous environmental factors involved in the pathophysiology of 
ASD, maternal infection has been mentioned as the principal nongenetic cause of 
this disorder (Ciaranello and Ciaranello 1995). Epidemiological studies have shown 
a strong association between autism and maternal viral infection (Atladottir et al. 
2010). In addition, numerous immune alterations have been reported in autism (see 
Chap. 9).

Taking these clinical evidences into account, some animal models have been 
generated by manipulating the immune system and evaluating the effect of an im-
mune response on behaviors relevant to autism.
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8.3.1.1  Maternal Immune Activation (MIA)

Numerous animal models have been yielded to study the effects that prenatal in-
flammation may generate on fetal neural development, as the maternal respira-
tory influenza infection (Shi et al. 2003; Fatemi et al. 2002), peridontal bacteria 
infection (Lin et al. 2003), or the MIA models (Smith et al. 2007). The last one is 
based on the injection of pregnant mice or rats with the synthetic double-stranded 
RNA polyinosinic:polycytidylic acid (polyI:C), a ligand for the Toll-like receptor 
3 (TLR3), which is involved in the innate immune response to viral infection. The 
utilization of this generic inflammatory agent allows to model factors that are com-
mon to several infections and to become independent of the pathogen’s nature.

Another factor to consider is the time when the infection occurs, as neither 
the maternal immune system functioning (Sargent 1993) nor the fetus develop-
ing nervous system susceptibility is homogeneous during pregnancy. In fact, an 
epidemiological study conducted in Denmark found an association between ma-
ternal viral infection in the first trimester or maternal bacterial infection in the 
second trimester, and ASD diagnosis in the child (Atladottir et al. 2010). Similar 
results have also been found in the MIA mouse model. Meyer et al. (2006) in-
jected polyI:C in pregnant mice at gestation day 9 (GD9) or GD17; these times 
correspond to the transition from the first to the second trimester, and from the 
second to the third trimester of human pregnancy, respectively. They showed that 
behavioral alterations were dependent on the moment of immune challenge ad-
ministration: GD9 but not GD17 prenatal immune activation reduced open-field 
exploration, suggesting an anxious phenotype, while MIA at GD17 but not at 
GD9 led to perseverative behavior, which has been implicated in autism, schizo-
phrenia, and other neuropsychiatric disorders (Ridley 1994). They also found dif-
ferences in the maternal serum and fetal brain cytokine profile responses after the 
mid and late prenatal immune activation.

A posterior study (Malkova et al. 2012) aimed to determine how capable of re-
producing autistic symptoms the MIA model was. To this aim, they used several 
assays to evaluate autistic features on the offspring of pregnant dams injected with 
polyI:C or saline. They found that MIA pups produce fewer USVs and have an 
altered syllable repertoire. This deficit in communication is maintained until adult-
hood: adult male MIA offspring display reduced USV responses in the presence of 
both female and male social stimuli. These mice also present a deficit in sociability, 
as they spend less time exploring the social side in a three-chamber test. In addition, 
offspring of polyI:C injected dams display higher levels of repetitive and stereo-
typed behaviors (spent more time in self-grooming and buried a higher percentage 
of marbles).

In summary, this study showed that a model of prenatal exposure to an inflam-
matory stimulus could show the three core symptoms of ASD: impairments in com-
munication, decreased social interaction, and repetitive and stereotyped behavior. 
Now, considering the immune alterations that are also observed in ASD patients, 
can a unique immune challenge event during the embryogenesis lead to a persistent 
immune deregulation in the adult offspring?
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Hsiao et al. (2012) tackled this question by evaluating the profiles of several 
peripheral immune subtypes and the functionality of leukocyte lineages. Regulatory 
T cells (Tregs) participate in the innate and the adaptive responses as suppressor 
cells and have a reciprocal relationship with the pro-inflammatory IL-17-producing 
CD4 + T cells (Th17). MIA offspring showed a systemic deficit in the number of 
Tregs and an elevated response to in vitro stimulation, given by higher levels of 
IL-6 and IL-17 secretion of CD4 + T cells. They also found higher levels of Gr-
1-positive cells, given by a skewed differentiation of the progenitor cells.

These abnormalities grant MIA mice a pro-inflammatory T-helper-cell pheno-
type that could be due to intrinsic hematopoietic stem cell (HSC) developmental 
programming. To test this hypothesis, Hsiao et al. transferred BM from polyI:C 
offspring into irradiated saline and polyI:C mice and found that the immune abnor-
malities were not transferred. This suggested a role for the HSC microenvironment 
in maintaining the pro-inflammatory phenotype seen in MIA mice.

Could these immunological alterations be responsible for the generation or for 
the maintenance of the ASD behavioral phenotype found in MIA mice? Or, are 
these just two independent unrelated manifestations of the disease? To assess these 
questions, they evaluated ASD-related behaviors in MIA offspring transplanted 
with saline BM. Interestingly, these mice failed to exhibit repetitive or anxious be-
haviors, but maintained the social preference deficit. These results add evidence to a 
group of studies that show the capacity of BM transplant on ameliorating symptoms 
in several neurological disorders (Chen et al. 2010; Kwan et al. 2012; Derecki et al. 
2012), and also highlight the importance of peripheral environment in maintaining 
immune alterations in MIA mice.

8.3.1.2  Commensal Microbiota

It is known that microbiota can modulate host physiology, particularly immune func-
tionality. But it was recently shown that it can also impact in mammalian brain de-
velopment and behavior (Diaz Heijtz et al. 2011). Commensal bacteria affect social, 
emotional, and anxiety-like behaviors (Cryan and Dinan 2012; Collins et al. 2012).

ASD patients usually suffer from gastrointestinal (GI) distress, which also cor-
relates with symptoms severity (Adams et al. 2011). Altered GI motility, increased 
intestinal permeability, and higher prevalence of inflammatory bowel disease are 
among other GI abnormalities (Kohane et al. 2012). As several studies have shown 
an atypical intestinal microbiota composition in ASD patients (Adams et al. 2011; 
Finegold et al. 2012; Kang et al. 2013; Parracho et al. 2005), a link between gut 
bacteria and GI abnormalities, and ASD behavioral phenotype has been proposed.

Hsiao et al. evaluated GI abnormalities in the MIA model of autism (Hsiao et al. 
2013). They found that polyI:C offspring present a deficit in intestinal barrier in-
tegrity, altered intestinal cytokines profiles, and dysbiosis of gut microbiota. When 
MIA mice were treated with commensal bacteria, intestinal permeability and cyto-
kine profiles were restored to normal levels. Moreover, this treatment ameliorated 
anxiety-like behavior, reduced levels of stereotyped marble burying, and restored 
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communicative behavior; but it could not improve the sociability and social prefer-
ence deficits.

These results indicate that there may be several neuronal circuits responsible for 
ASD behaviors with different sensitivity to gut microbiota modulation.

8.3.1.3  Propionic Acid

One possible mechanistic explanation for commensal bacteria modulating behavior 
is through the action of metabolic products in the CNS. Among the major molecules 
produced by enteric bacteria there is propionic acid (PPA), an intermediary in cel-
lular fatty acid metabolism that is also present naturally in food and is often used as 
a food preservative.

Gut PPA can cross the gut–blood and blood–brain barriers, gaining access to the 
CNS, where it can alter neurotransmitter release and inhibit gap junctions through 
the acidification of cell interior (Bonnet et al. 2000; Karuri et al. 1993); also, elevat-
ed PPA levels stimulate the secretion of pro-inflammatory cytokines as IFN-gamma 
(Cavaglieri et al. 2003). These evidences indicate that PPA could potentially alter 
neuronal communication and behavior as well as modulate immune functioning. 
Moreover, as PPA levels increase during GI pathologies as those seen in ASD, this 
molecule may be a link between commensal bacteria and ASD phenotype.

Rats treated intracerebroventricularly (ICV) with PPA displayed restricted be-
havioral interest to a specific object and impaired social behavior (MacFabe et al. 
2011; Shultz et al. 2008). In addition, reactive astrogliosis and activated microglia 
were observed in the hippocampus of PPA injected animals, suggesting an innate 
neuroinflammatory response (Shultz et al. 2008, 2009; MacFabe et al. 2011). These 
results support the utilization of PPA for the generation of a rat model of ASD.

8.3.1.4  Transforming Growth Factor-beta 1 (TGF-β1)

TGF-β1 is an anti-inflammatory cytokine involved in controlling immune respons-
es, but it also has a role in brain development and glial function. There is evidence 
of altered levels of TGF-β1 in postmortem tissue of ASD individuals (Vargas et al. 
2005). It can be hypothesized that adult ASD behavioral symptoms are a manifes-
tation of an abnormal neuronal development given by altered levels of TGF-β1 at 
early life stages of development; or, alternatively, that this cytokine is important for 
regulating the expression of these behaviors in adulthood.

We studied TGF-β1 effects at two different scenarios by overexpressing this 
cytokine in the mouse hippocampus at different stages of development: PD14 or 
adulthood (Depino et al. 2011). We found that overexpression of TGF-β1 in the hip-
pocampus of adult mice increased sociability and reduced self-grooming repetitive 
behavior, resulting in a phenotype opposed to what is expected for an ASD model. 
On the contrary, overexpression of TGF-β1 from PD14 led to reduced sociability and 
increased repetitive behavior, besides an increment in depression-related behavior.
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These results showed that TGF-β1 is involved in the early postnatal program-
ming of ASD-related behaviors, but it also has a role in modifying them in adult-
hood. This suggests that the increased levels of TGF-β1 observed in postmortem 
brain analyses of autistic patients could be a consequence of neuroinflammatory 
alterations during early neural development, resulting then in the behavioral pheno-
type. However, other cytokines besides TGF-β1 could be responsible for modulat-
ing and maintaining these symptoms in adulthood.

8.3.2  Inflammation and Immune Alterations in 
Noninflammatory Environmental Models of Autism

We have identified only one noninflammatory, environmental animal model of au-
tism in which inflammation and immune function have been partially studied: the 
prenatal exposure to VPA. A number of studies have linked prenatal exposure to 
antiepileptic drugs, particularly VPA, to ASD (Bromley et al. 2008; Christensen 
et al. 2013; Moore et al. 2000; Williams et al. 2001). Based on these studies, rodent 
models of ASD have been generated.

A study identified that a single 400 mg/kg injection of VPA in pregnant rats at 
gestational day (GD) 12.5 results in low sociability of the offspring (Kim et al. 
2011). Interestingly, the same study shows that this effect is not observed when 
dams are injected at GD7, 9.5 or 15, showing a critical window for the effect of 
VPA on social behavior. Lately, these results obtained in Sprague-Dawley rats were 
verified in other rat strains (Schneider et al. 2008; Schneider and Przewlocki 2005; 
Roullet et al. 2010; Bambini-Junior et al. 2011) and in different mice strains (Katao-
ka et al. 2012; Lucchina and Depino 2013; de Theije et al. 2013; Wagner et al. 2006; 
Yochum et al. 2008).

Recently, we reported long-lasting alterations in the inflammatory response in 
the VPA mouse model of autism (Lucchina and Depino 2013). Adult mice prena-
tally exposed to VPA showed peripheral and central exacerbated responses to a 
peripheral lipopolysaccharide (LPS) challenge. In the periphery, LPS induced an 
exacerbated activation of the hypothalamus–pituitary–adrenal (HPA) axis and an 
increased expression of the pro-inflammatory cytokine IL-6 in VPA mice compared 
with control mice. In the brain, VPA mice showed chronic microglia activation in 
the cerebellum, revealing a chronic gliosis. Moreover, peripheral LPS challenge 
augmented the number of microglial cells in the hippocampus and the expression of 
inflammatory cytokines in the cerebellum of VPA mice.

We found that the exacerbated response of the HPA axis to LPS is not observed 
early in life (Fig. 8.1), suggesting this is an effect reached after maturation of the 
nervous and immune systems. However, we found evidence of an increased number 
of microglial cells in the young cerebellum of VPA mice (Fig. 8.2), showing that the 
gliosis in this region is elicited early in life.

In addition, mice exposed prenatally to 500 mg/kg VPA showed intestinal in-
flammation at PD28 (de Theije et al. 2013). VPA mice showed loss of the epithelial 
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Fig. 8.2  Activated microglia in the postnatal cerebellar lobe 7 of VPA-exposed mice. Confocal 
microscopy photographies after IBA1 immunofluorescence of cerebellar tissue obtained at P21 
from saline (a) and VPA (b) mice. The arrows point type II–III microglial cells, mainly observed 
in animals prenatally exposed to VPA. c Type II–III microglial cell density in the molecular layer 
of the cerebellar lobe 7. VPA valproic acid

 

Fig. 8.1  Hypothalamus–pituitary–adrenal ( HPA) axis response to peripheral LPS in mice prena-
tally exposed to VPA. Animals prenatally exposed to VPA show a normal HPA response postna-
tally, but an exacerbated response in adulthood. Plasma corticosterone levels were measured 2 h 
after a 25 mg/kg LPS i.p. injection. Values are expressed as a percentage with respect to animals 
prenatally exposed to saline and injected 2 h before with saline. LPS lipopolysaccharide, VPA 
valproic acid
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barrier and neutrophilic infiltration in the ileum. These results give support to the 
hypothesis of an association between the GI diseases frequently observed in autistic 
individuals and their behavioral symptoms.

Although we still cannot distinguish between VPA causing the immune and be-
havioral alterations by two independent mechanisms or inflammation mediating the 
effects of VPA on behavior, the reports previously cited brought into light a valuable 
tool for these studies.

8.3.3  Inflammation and Immune Alterations in Genetic Models 
of Autism

Autism is a clinically heterogeneous disorder that in some cases can be associated 
with genetic disorders such as Rett and fragile X syndrome, or tuberous sclerosis. 
However, in the great majority of the patients a unique pathophysiological mecha-
nism has not been able to be identified and the causes of the disorder remain un-
known (Pardo and Eberhart 2007).

As diverse evidences suggest the existence of a heritable component in ASD, 
numerous animal models have been generated with the manipulation of candidate 
genes identified by means of population studies. Some mutant lines are based on 
monogenic aberrations and others on loci that confer susceptibility to the disease. 
Nevertheless, the attempts to link individual mutations with ASD have failed (Was-
sink et al. 2004), and nowadays there is consensus about the existence of a multi-
plicity of genes that confer susceptibility to the disease, which are influenced both 
by environmental factors and by their interactions with other genes.

In a study carried out by Moy et al. (2007), male mice from ten inbred strains 
were characterized for several autism-related behaviors such as sociability, prefer-
ence for social novelty, and reversal learning of the spatial location of a reinforcer in 
two different mazes. Interestingly, they found that the BTBR T + tf/J strain displays 
reduced sociability and resistance to change in routine in the water maze. As these 
findings are consistent with an ASD phenotype, some groups have proposed to use 
the BTBR strain as a model of autism.

Other groups further characterized the autism-related behaviors in the BTBR 
strain (McFarlane et al. 2008; Amodeo et al. 2012; Pearson et al. 2011, 2012; Pobbe 
et al. 2010). They found that BTBR mice show reduced social approach, low recip-
rocal social interactions, impaired juvenile play, and absence of social conditioned 
place preference. Moreover, they display high levels of self-grooming and impaired 
social transmission of food preference as compared with C57BL/6J mice, and resis-
tance to reversal learning. In addition, BTBR mice also show an unusual repertoire 
of USVs both as pups and as adults (Scattoni et al. 2008, 2011; Wohr et al. 2011).

These results show that BTBR mice display the three core features of autism: 
reduced sociability, repetitive behaviors, and impaired communication. The next 
step was to characterize the immune system of these mice, which was conducted 
by Heo et al. (2011). In this study, levels of brain-reactive antibodies were higher in 
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BTBR serum and brains, and they also presented elevated brain expression levels of 
pro-inflammatory cytokines such as IL-33, IL-18, and IL-1β. Additionally, BTBR 
mice presented higher susceptibility to listeriosis infection.

As the ability of macrophages to switch to an inflammatory profile is known to 
confer immunity to listeriosis, another study hypothesized an association between 
myeloid inflammation and ASD behavioral phenotype. Onore et al. (2013) aimed 
to examine the role of macrophage polarization (M1/M2) in the BTBR strain. BM 
macrophages from BTBR mice present higher inflammatory cytokine production 
with or without LPS stimulation. When M1 or M2 phenotypes were induced by 
the addition of polarizing cytokines to the media, BTBR macrophages exhibited a 
trend towards an M1 phenotype. They also evaluated the relationship between the 
behavioral and immune phenotypes by measuring social and repetitive behavior in 
each individual mouse and analyzing its correlation with the cytokine profile. The 
experiments showed that grooming behavior was associated with several cytokines, 
suggesting the existence of a direct relation between inflammatory cytokines and 
more impaired repetitive behavior on one hand, and of anti-inflammatory cytokines 
and behavioral improvement on the other. Conversely, they found very little as-
sociation between social behavior and cytokine expression profiles, indicating that 
sociability may not be strongly affected by these cytokine alterations. This study 
suggests that the behavioral phenotype and the inflammatory immune profile of 
BTBR mice are not independent, but a connected phenomena.

8.3.4  Combining Genetic and Inflammatory Models

As it is now believed that ASD is not a consequence of a unique pathophysiological 
cause but the result of combining environmental, genetic, and epigenetic factors; it 
is important to study how these factors interact between themselves.

In line with this, Schwartzer et al. (2013) hypothesized that the genetic back-
ground of mice could influence the severity of the ASD phenotype elicited by an 
environmental risk factor such as the MIA. To test this hypothesis, BTBR and 
C57BL/6J (C57) pregnant dams were injected with polyI:C on GD12.5 and their 
offspring were tested for ASD-like behaviors. Both in BTBR mice as in C57 con-
trols, maternal polyI:C injection altered USVs, impaired social behavior, and in-
creased repetitive behaviors in the offspring. However, some of these effects were 
stronger on BTBR mice.

Interestingly, they also evaluated the induced response of splenocytes, measur-
ing cytokine levels. Interestingly, they observed a significant strain x prenatal treat-
ment interaction in the release of IL-17, with BTBR prenatally exposed to polyI:C 
secreting the highest amount of this cytokine.

These results are in line with evidences obtained in MIA and BTBR autism mod-
els, which demonstrate that both environmental factors and genetic predisposition 
can result in similar behavioral ASD phenotypes. Moreover, this study adds evi-
dence to the synergistic hypothesis, as the combination of genetic and environmen-
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tal factors exacerbates the ASD phenotype generated by either factor alone. Further 
studies would help elucidating the mechanisms through which inflammation can 
contribute to autism-related behaviors in both environmental and genetic models.

8.4  Conclusions

Animal models are very valuable tools to study the biological mechanisms under-
lying psychiatric disorders. Different groups have started using them for evaluat-
ing the role of immune alterations in the development of autism-related behaviors. 
Evidence shows that diverse immune stimuli can result in reduced sociability and 
increased repetitive behaviors. In addition, genetic and environmental models of 
autism showed immune dysfunction. Although the mechanisms are not elucidated, 
all these evidences suggest a role of immune factors in determining autism-related 
behavior and prove relevance to the studies with animal models of autism.
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Abstract Autism spectrum disorders (ASD) are a group of severe pervasive neuro-
developmental disorders (PDD) affecting between 1 and 3 % of pediatric populations. 
It is characterized by a highly variable impairment in social interaction and verbal 
and nonverbal communication, as well as by a stereotyped repetitive behavior, learn-
ing problems, and aloofness. ASD behavioral symptoms are frequently accompanied 
by immunological derangements, including cellular immune dysregulation, chronic 
inflammatory states, and neuroimmune alterations. Currently, the involvement of the 
immune pathology in autism remains unclear, and we consider that a better understand-
ing would be useful for earlier clinical and therapeutic interventions. The main aim of 
this chapter is to review the most current aspects regarding the etiology of autism, with 
particular reference to the contribution of inflammatory events occurring in the periph-
ery and into the brain, and how they can influence the abnormal development of the 
offspring and modulate the typical behaviors frequently observed in autism.

Keywords Neuroimmunology · ASD · Neurodevelopmental disorders · Cytokine · 
T cells · mTOR pathway · Innate immunity

9.1  Introduction

Autism spectrum disorders (ASD) are a group of severe pervasive neurodevelopmental 
disorders (PDD) present in early childhood, which affect between 1 and 3 % of the pedi-
atric population and are characterized by a highly variable combination of impairment 
in social interaction, deficits in verbal and nonverbal communication and restricted, re-
petitive, and stereotyped patterns of behavior, interests, and activities (Chakrabarti and 
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Fombonne 2005; Fombonne 2005). With a four times higher incidence in boys than in 
girls, autism is accompanied by core symptoms of neurobehavioral and immunologi-
cal derangements, including aberrant sensitivity to sensory stimulation, anxiety, and 
decreased cellular immune capacity (American Psychiatric Association 1994). This 
chapter is aimed to describe current aspects of immune and other epigenetic factors in 
autism, as well as to establish possible bridges between those interacting within and 
outside the brain, looking for a major understanding of the disease.

9.2  Immune Factors Contributing to the Etiology  
of Autism

Various environmental factors have been linked to an increased incidence of ASD 
(reviewed in (Depino 2013)). In particular, immunological triggers, such as prena-
tal, perinatal, and early postnatal infections, have been associated with autism (Nie-
hus and Lord 2006; Rosen et al. 2007; Vojdani et al. 2003; Ashwood and Wakefield 
2006). Evidence includes increased rates of infection in neonates who were later 
diagnosed with autism (Rosen et al. 2007), incidence of congenital rubella, cyto-
megalovirus, and other viral infections in ASD (Chess 1971; Stubbs et al. 1984), 
as well as several other immune abnormalities associated with increased risk for 
ASD (Ashwood et al. 2006; Cohly and Panja 2005), which are referred to as conse-
quences of autoimmune phenomena around pregnancy.

An aberrant immune function has been reported in individuals affected by ASD 
for nearly 40 years and among these findings, there is a long-standing focus in the 
autoimmune processes (Comi et al. 1999) that could be playing a pathogenic role, 
at least in a subgroup of patients with autism, following either the autoimmune reac-
tion generated by the global immune deregulation during gestation or by the abnor-
mal interaction between maternal or fetal environmental and genetic factors, occur-
ring at prenatal or perinatal periods (Fombonne 2005; Hertz-Picciotto et al. 2006).

Maternal and/or prenatal immunological events can affect neural development 
by different mechanisms. On the one hand, they can elicit an imbalance toward 
proinflammatory cytokines that can in turn affect both cytokine expression within 
the brain and the neural development (Merrill 1992). For example, an increase in 
the levels of the chemokine MCP-1 have been reported in the amniotic fluid of 
children later diagnosed with ASD (Abdallah et al. 2012), as well as the occurrence 
of autoimmune pathologies during pregnancy can result in the maternal transfer of 
autoantibodies from mother to child.

9.3  Functional Plasticity of Immune Cells and ASD

The immune system consists of innate and adaptive immunity. Although both in-
nate and adaptive immunity are crucial for the organisms response to infection, 
these responses can be harmful and lead to autoimmune diseases (Medzhitov and 
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Janeway 2000). Abnormal innate and adaptive immune responses have been re-
ported in ASD.

9.3.1  Innate Immunity in ASD

Monocytes, the key regulators of immune responses, express different variants 
of Toll-like receptors (TLR). The TLR are evolutionarily conserved to recognize 
pathogen-associated molecular patterns (PAMPs) in bacteria, viruses, fungi, and 
parasites (Abrahams et al. 2006). They form the major family of pattern recognition 
receptors involved in innate immunity and monocyte responses. When compared 
with cells of typically developing children, monocyte cultures from children with 
ASD showed increased secretion of proinflammatory IL-1β, IL-6, and TNFα cyto-
kines after stimulation with TLR2 ligands. In addition, the IL-1β secretion induced 
by TLR4 was also increased, and a decrease in IL-1β, IL-6, GM-CSF, and TNFα 
responses after TLR9 stimulation was observed (Enstrom et al. 2010a). These re-
sults indicate that monocyte cultures from children with ASD are more sensitive to 
respond to TLRs signals. Hence, it is possible to consider that dysfunction in the 
response of these cells could result in long-term immune changes leading to a po-
tential adverse neuroimmune interaction in autism.

Caspases are key regulators of apoptosis and their activity is essential for several 
cellular processes, including differentiation, activation, and nuclear reprogramming 
pathways (Kersse et al. 2007; Lamkanfi et al. 2007). Indeed, caspases are highly 
involved in the T lymphocytes proliferation and the activation and differentiation 
of monocytes (Wallach et al. 2010; Lamkanfi et al. 2007). The peripheral blood 
mononuclear cells (PBMCs) from children with autism may also show a signifi-
cant upregulation of the caspase pathway, following published results for Siniscalco 
et al. (2012).

9.3.2  Adaptive Immunity in ASD

Adaptive immunity is mediated by T and B lymphocytes. T helper cells constitute 
the key factors to establish an effective immune response. Under the differential 
influence of cytokines and other specific stimuli, naïve T helper cells differentiate 
into the four functional well-known types: Th1, Th2, T-regulator (Treg), and Th17. 
These cell types have been linked to ASD (Fig. 9.1).

Th1 cells are induced by IL-12 and they express T-bet, a Th1 transcription fac-
tor. They produce IFN-γ as their main proinflammatory cytokine, which is respon-
sible for some pathogenic effects observed in both autoimmune and inflammatory 
disorders (Romagnani et al. 2000; Romagnani 2000). Th2 helper cells are induced 
by IL-4 and they express GATA3 (Mjosberg et al. 2012; Hoyler et al. 2012). This 
cell type produces IL-5, IL-9, IL-10, and IL-13 cytokines, all associated with the 
humoral immunity.
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The balance of Th1/Th2 cells is tightly controlled, and an overactivity of either 
of these cell types results in immune disease. There is evidence of a shift from Th1 
to Th2 cells in autism, observed as decreased production of IL-2 and IFN-γ and an 
increase in IL-4 levels (van Gent et al. 1997; Gupta et al. 1998), Fig. 9.1. How-
ever, an increase of IL-12 levels in the plasma of autistic patients has been reported 
(Singh 1996). Authors proposed that this abnormal production of IL-12 could be 
a compensatory mechanism in ASD individuals, but this hypothesis has not been 
further tested. Moreover, a more recent report showed that cells from ASD patients 
express more Th1 and Th2 cytokines in absence of a compensatory increase of 
IL-10, a cytokine that modulates the inflammatory response (Molloy et al. 2006), 
reinforcing again the immune deregulation observed in these children.

The expression of GATA3, a transcription factor that is needed for Th2 differen-
tiation, has been associated with autism. In a neuron-like PC-12 cell model, GATA3 
expression levels are increased after their treatment with valproate, thalidomide, or 
alcohol, three teratogens known to cause ASD (Rout and Clausen 2009). As GATA3 
plays a key role in the differentiation of some neuronal types (like serotonergic neu-
rons; (van Doorninck et al. 1999)), it has been hypothesized that an excessive differ-
entiation of neurons expressing GATA3 could cause anomalies in the development 
of brain resulting in autistic symptoms. So, GATA3 could represent a molecular link 
between immune and neuronal dysfunction in ASD.
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 IL-12
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IFNγ, IL-2
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 IL-4
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Fig. 9.1  Functional plasticity of T cells and associated genetic factors may mediate autoimmunity 
in autism. Naïve CD4+ T cells become differentiated into four different effector cell subtypes, 
which show functional activities promoting or preventing autoimmunity. Reported altered levels 
of specific cell types, transcription factors, and secreted cytokines are shown. The increase in Th2 
function and decrease in Th1 and Treg function, promote an immune activation leading to autoim-
munity. In addition, variants of genes associated with autoimmunity have been identified in ASD, 
particularly haplotypes of the human leukocyte antigen (HLA-DR4/HLA-DR13) and mutations 
in no HLA genes related to innate immunity (C3a–C4a genes) and signaling pathways like PTEN
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Naturally occurring regulatory T (nTreg) cells are a central component of periph-
eral tolerance as they suppress the adaptive T cell response, show an anti-inflam-
matory role, and prevent autoimmunity. These cells were originally defined by high 
CD25 expression and primarily characterized by the expression of the transcription 
factor Foxp3 (forkhead/winged helix transcription factor). After differentiation, 
they produce TGF-β. Stable expression of Foxp3 is essential for the development, 
homeostasis, and suppressive function of nTreg cells (Sun et al. 2007; Liu et al. 
2010; Ueda et al. 2012). At least one report has shown a decrease in the number of 
Treg cells in children with autism (Mostafa et al. 2010), Fig. 9.1. In addition, plasma 
levels of TGF-β were overall decreased in autistic individuals and they showed 
an inverse correlation with behavioral scores (Ashwood et al. 2008b; Okada et al. 
2007), indicating that regulatory T cell responses are decreased in ASD and that the 
lack of suppressor activity of the immune system could be involved in the expres-
sion of autistic behavior.

Th17 cells, a newly defined lineage of T helper cells, differ from other T help-
er cells subsets both in their gene expression and regulatory function (Ueda et al. 
2012; Dong 2008). These cells are remarked by the production of the hallmark cy-
tokines IL-17 and IL-17F. The IL-17 cytokine family is composed by 6 cytokines, 
IL-17 A–F, and besides its role for Th17 differentiation, they mediate inflammatory 
functions and autoimmunity. Stimulation of T cells by TGF-β together with IL-6 or 
IL-21 promotes Th17 development (Harrington et al. 2006). IL-17 is augmented in 
autistic children (Suzuki et al. 2011), Fig. 9.1.

The nature of Foxp3 expression in induced Treg (iTreg) cells in vitro (Ueda et al. 
2012) combined with the potential of Foxp3+ nTreg cells to differentiate into Th17 
cells in the presence of IL-6 and TGF-β, suggested that Foxp3-expressing Treg cell 
subsets manifest functional adaptation under certain conditions (Ayyoub et al. 2012; 
Ueda et al. 2012; Bettelli et al. 2007; Maloy 2008). Although there is not a complete 
understanding on the signaling mechanism inducing Th17 differentiation, studies 
have shown that the key transcription factors in determining the differentiation of 
this T cell lineage are retinoid-related orphan receptor γt (RORγt) and RORα which 
can be induced by the combination of IL-6 and TGF-β (Ueda et al. 2012; Yurchenko 
et al. 2012). Thymic or peripheral Foxp3+ nTreg cells may also manifest promi-
nent functional plasticity and readily reprogram into Th1 and Th17 effectors’ cells, 
particularly in the gut microenvironment or sites of parasitic infection (Ahern et al. 
2008). As it will be discussed later, this could lead to the chronic gastrointestinal 
inflammation observed in ASD.

9.4  Other Genes Regulating the Immune System in ASD

Family studies have provided some evidences for a higher genetic risk for autism in 
siblings compared to the general population (Holt et al. 2010). Early findings suggest-
ed that mothers of children with ASD share HLA haplotypes with their children more 
often than the typically developing mother–child pairs. In addition, these children 
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showed a higher rate of these haplotypes when compared with the healthy population 
(Gregg et al. 2008). HLA haplotypes, considered among the strongest predictors of 
risk for autoimmune conditions, have also been associated with ASD (Fig. 9.1).

Studies in children and adults with autism have indicated other various candidate 
genes, many of them related to the immune system. These genes include the null 
allele of C4B in class III region, MHC haplotypes B44-SC30-DR4, HLA-DR β1, 
DR4, and DR13, all reinforcing also the factors lined as guttering in the develop-
ment of autoimmunity (Daniels et al. 1995; Lee et al. 2006; Torres et al. 2006; 
Warren et al. 1995). Genes regulating signal pathways related to the development 
of both neural and immune systems have also been referred to as altered in ASD: 
macrophage migration inhibitory factor (MIF) (Grigorenko et al. 2008), MET en-
coding tyrosine kinase, (Correll et al. 2004), the serine and threonine kinase C gene 
PRKCB1 (Lintas et al. 2009), PTEN (Herman et al. 2007; Butler et al. 2005), and 
the reelin gene RELN (Garbett et al. 2008; Pardo and Eberhart 2007; Fig. 9.1).

9.5  Maternal Immune Activation and the Risk for ASD

As mentioned above, not only the adaptive but also the innate immune system re-
sponse appears altered in ASD. These abnormal responses in children with autism 
could result from prenatal infection or exposure to toxic substances, and/or they 
could have a genetic component.

Various viral and bacterial infections during pregnancy have been linked to a 
higher risk for autism. More than 40 years ago, a higher risk for autism was reported 
in the offspring of maternal rubella infection cases (Chess 1971). Since then, prena-
tal exposure to different virus have been linked to increased risk for ASD, including 
herpes simplex virus (DeLong et al. 1981; Ghaziuddin et al. 1992; Gillberg 1986; 
Greer et al. 1989), cytomegalovirus (Ivarsson et al. 1990; Markowitz 1983; Stubbs 
1978; Yamashita et al. 2003), measles (Ring et al. 1997; Singh and Jensen 2003), 
and viral meningitis (Barak et al. 1999; Ring et al. 1997). Moreover, a larger study 
showed an increase in the prevalence of autism in children born to mothers hospital-
ized for viral infections during the first trimester of pregnancy or for bacterial infec-
tions during the second trimester (Atladottir et al. 2010). These evidences support 
the idea that the maternal response to viral infection can be a risk factor for autism 
(Ciaranello and Ciaranello 1995).

How can different pathogenic infections, all result in an increased risk for au-
tism? Evidence from experimental animal models show that prenatal and early life 
inflammation can alter behavior later in life (Coe and Lubach 2005; Meyer et al. 
2006, 2007, 2009; Depino 2006; see also Chap. 8). Therefore, different infectious 
agents, autoimmune diseases, and stressful events could elicit the expression of im-
mune factors affecting brain development and resulting in the behavioral symptoms 
(Fig. 9.2).

Interestingly, fetal inflammatory response syndrome (FIRS) is a condition in 
which, despite an absence of cultivable microorganisms, neonates have very high 
circulating levels of inflammatory cytokines, such as IL-1, IL-6, IL-8, and TNF-α 
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(Madsen-Bouterse et al. 2010). Studies in animal models have shown that viral infec-
tion of the placenta triggers a fetal inflammatory response similar to the one observed 
in FIRS, even though the virus is not able to reach the fetus. In the case of human 
FIRS, these cytokines have been shown to affect the CNS and the circulatory system 
(Deverman and Patterson 2009). Fetal morphological abnormalities in the animals 
have also been reported, probably caused by fetal proinflammatory cytokines such 
as IL-1, TNF-α, MCP-1, MIP-1β, and IFN-γ, and it has been suggested that beyond 
morphological effects on the fetal brain, the presence of FIRS increases the risk 
of autism, schizophrenia, neurosensorial deficits, and psychosis. Interestingly, all 
these factors induced at the neonatal period can predispose to diseases in adulthood 
(Romero et al. 2007). Due to this, we propose that an inflammatory response in the 
placenta, altering the cytokine balance in the fetus, may affect the normal develop-
ment of the fetal immune system leading to anomalous responses during childhood 
or later in life. In all these cases the parasite may never reach the placenta, but the 
inflammatory process at this level may affect the normal fetal development.

9.6  Gastrointestinal Immune Pathology Increase 
Susceptibility to ASD

Recently, it has been hypothesized that the presence of gastrointestinal inflamma-
tion makes a child with a genetic predisposition for ASD more prone to express the 
autistic phenotype, or that it increases the severity of the autistic behavior. A recent 
meta-analysis found that the reported prevalence of gastrointestinal symptoms in 
individuals with ASD can range from 9 to 91 % (Buie et al. 2010; Coury et al. 2012). 
The variability observed could be mainly due to the lack of appropriate (nonrelated) 
control subjects, but the data is however consistent with a high prevalence of gas-
trointestinal symptoms and disorders in ASD individuals.

Fig. 9.2  Maternal immune activation can contribute to the development of ASD. Upon an infec-
tion, maternal cytokines and antibodies can reach the embryo’s brain and affect its development. 
In individuals genetically susceptible, these effects on neuronal development could result in ASD
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Gastrointestinal symptoms include abdominal pain or discomfort, constipation, 
diarrhea, and bloating (Afzal et al. 2003; Horvath and Perman 2002; Buie et al. 
2010). In addition, autism severity shows a strong correlation with gastrointestinal 
disturbances (Adams et al. 2011), since studies in the field have mainly investigated 
immune dysfunction and the connection between the gut microbiome and the brain.

9.6.1  Gut Immune Dysfunction in ASD

Mucosal immune cells represent around 70 % of an individual’s immune cells, so 
their malfunction can affect the gastrointestinal environment. Clinical and patho-
logical studies in ASD show an apparently atypical gastrointestinal immunopathol-
ogy characterized by chronic ileocolonic lymphoid nodular hyperplasia and entero-
colitis as key features, accompanied by a variable degree of acute inflammation and 
eosinophil infiltration (Wakefield et al. 2000; Furlano et al. 2001; Torrente et al. 
2002). Increased intestinal permeability in ASD also suggests an ongoing inflam-
matory process that may perturb the intestinal barrier function in these children 
(D’Eufemia et al. 1996), probably through the release of peptides and mediators by 
the enteric nervous system, which can induce activated mast cells to release neuro-
toxins, proinflammatory mediators, and vasoactive substances that getting into the 
circulation can cross the blood–brain barrier (BBB) and affect the neuronal func-
tions (Sun et al. 2007), Fig. 9.3.

AQ1

Altered microbiotaIngested allergens
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Fig. 9.3  Disturbances in the autistic gastrointestinal tract can affect brain function. Ingested aller-
gens can elicit the secretion of cytokines (IL-1β, IL-4, IL-5, IL-6, IL-12, IL-13, IFN-γ, TNF-α) by 
mast cells ( MC) and dendritic cells ( DC). These cytokines can reach the brain through the circula-
tion and cross the blood–brain barrier (BBB) or stimulate the brain endothelial cells, to induce a 
local immune response and cause a dysregulated neuronal homeostasis. In addition, changes in the 
microbiota can result in high levels of LPS and propionic acid reaching the circulation and acting 
in the brain, affecting brain function
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In this context, a hypothesis relevant to understanding some alterations of muco-
sal immunity in autism could involve the functional plasticity of peripheral Foxp3+ 
nTreg cells (Fig. 9.4). Foxp3+ nTreg cells can become into Th1 and Th17 effectors 
cells, particularly in the gut microenvironment or sites of parasitic infection, fol-
lowing inflammatory signals that modulate the signal pathway and influence the 
stability of the Foxp3+ nTreg cell phenotype (Ahern et al. 2008; Liu et al. 2010). In-
terestingly, it has been shown that the T cell receptor controls Foxp3 expression via 
the PI3K-Akt-mTor signaling pathway (Sauer et al. 2008). The mammalian target of 
rapamycin (mTor) is also involved in synaptic function and plasticity (Hoeffer and 

γ

γ γ
α

Fig. 9.4  Prominent functional plasticity and readily reprogram Foxp3+ nTreg cells. A hypoth-
esis relevant to understand some alterations of mucosal immunity in autism could involve the 
functional plasticity of peripheral Foxp3+ nTreg cells. ( 1) Foxp3+ nTreg cells can convert into 
Th1 and Th17 effector cells particularly in the gut microenvironment, after an infection or other 
inflammatory signals. ( 2) PTEN gene is a controller of mTor pathway. Inflammatory signals and/
or gene mutation are also able to modulate mTor pathway influencing the stability of the Foxp3+ 
nTreg cell phenotype, alterated in high rate in ASD. So, it has been seen that mTor inhibition 
stabilizes Foxp3 expression by suppression of nTreg cells. ( 3) Aberrant immune mechanism at 
the gastrointestinal tract, followed by the influence of ASD-associated cytokines and lymphocytes 
induce an increased permeability of the blood–brain barrier (BBB). Activated lymphocytes and 
serum cytokines crossing BBB, bind to brain endothelial cells to induce an immune response into 
the brain with a dysregulated neuronal homeostasis
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Klann 2010). Therefore, dysfunction in this pathway could be responsible for the 
aberrant cellular immune response (Mondino and Mueller 2007) and the changes 
in both neuronal and immune cell survival, both reported in autism. In addition, 
this reinforces the suggestion that cell survival mechanisms are altered in autism 
(Fatemi et al. 2001; Engstrom et al. 2003). Moreover, mutations in the phosphatase 
and tensin homolog (PTEN), a major upstream regulator of the mTOR pathway, 
have been found in association with autism (Rodriguez-Escudero et al. 2011). These 
findings could provide new directions toward a better understanding of the immune 
dysfunction in autism, as well as the identification of new therapeutic targets for 
ASD in the future.

Alternatively, co-localization of immunoglobulin and complement components 
on the epithelial membrane, in both stomach and duodenal specimens, could be in-
dicative of an autoimmune process against self-antigen contained within epithelial 
cells and an inflammatory degradation that could contribute to disruption of the 
intestinal barrier function (Torrente et al. 2002; Furlano et al. 2001).

Gastrointestinal pathology in ASD has been also evidenced by a higher number 
of helper and cytotoxic T lymphocyte infiltration and CD19-positive B cells at duo-
denum, ileum, and colon in biopsies of children with ASD (Ashwood et al. 2003; 
Torrente et al. 2002), compared to histologically noninflamed controls, been more 
enhanced at terminal ileum and colon level (Ashwood et al. 2003; Torrente et al. 
2002; Furlano et al. 2001; de Theije et al. 2011). Thus, some pathways of intestinal 
inflammation may be susceptible to establish a neuroimmune interaction linked to 
this disturbance in support of this hypothesis in autism. Dietary antigens and bac-
teria, as well as their products, can become a target for immune regulation at the 
gastrointestinal tract and then influence the nervous system activity. So, ingested 
antigens entering the gut mucosa can access the Peyer’s patch or can be taken up 
by antigen presenting cell (APCs) that come to the Peyer’s patch or mesenteric 
lymph node, and there they interact with naïve T lymphocytes to initiate an adaptive 
immune response. In the context of chronic inflammation, memory T and B cells 
are activated, damaging the epithelial cell layer, releasing cytokines, and thereby 
increasing the intestinal permeability and causing a gastrointestinal inflammation 
similar to what has been found in autism (de Magistris et al. 2010; D’Eufemia et al. 
1996). In addition, it has been demonstrated that dietary derived antigen peptides 
are able to bind to the lymphocyte receptors and tissue enzymes CD69 and CD26, 
respectively, resulting in autoimmune reaction in children with autism (Vojdani 
et al. 2003; Siniscalco and Antonucci 2013).

In this respect, mast cell–neuron interactions occurring in the gastrointestinal 
tract might influence behavior via mast cells or other immune cells, which are able 
to trigger enteric neurons to convey information through afferent pathways in vagal 
and spinal nerves to the CNS (Adams et al. 2011).

Another pathway to reinforce the neuroimmune interaction surrounding the in-
testinal inflammation in autism is related to serotonergic neurotransmission. Sero-
tonin is both a neurotransmitter and a mediator of inflammation, implicated early in 
the pathogenesis of autism (Schain and Freedman 1961). Hyperserotonemia in one 
third of the patients with ASD (Hanley et al. 1977) and a decrease in the capacity 
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of 5-HT synthesis in the brain of these children (Chugani et al. 1999) have been 
demonstrated in autism (Anderson et al. 1987; Minderaa et al. 1987; Hoekstra et al. 
2010). ASD-related hyperserotonemia was proposed to be from genetic (Holt et al. 
2010; Sousa et al. 2010; Coutinho et al. 2007), gastrointestinal (Anderson et al. 
1987; Hoekstra et al. 2010; Holt et al. 2010; Hoekstra and Wheelwright 2009; Ni-
jmeijer et al. 2010), or immune origin (Jyonouchi et al. 2005; Burgess et al. 2006; 
Warren et al. 1986).

For example, an increased utilization of dietary tryptophan by the gut argue less 
tryptophan available for passage through the BBB with a reduced 5-HT levels in 
the brain leading to the mood and cognitive dysfunctions reported in ASD (Cappi-
ello et al. 1996; McDougle et al. 1996). Nevertheless, more research is required to 
establish from this analysis a therapeutic target in ASD, either by providing dietary 
tryptophan or by pharmaceutical treatments based on selective serotonin reuptake 
inhibitors.

Finally, during gastrointestinal inflammation, the immune cells produce cyto-
kines and chemokines in the gut, which are released into the intravascular compart-
ment to pass all organs, including the brain (Banks 2012; Erickson et al. 2012). 
Therefore, gastrointestinal inflammation may influence the brain homeostasis and 
module characteristic behavior pattern in these patients.

9.6.2  Gut Microbiome and ASD

A probable factor contributing to the gastrointestinal disturbances in autistic indi-
viduals is the observed abnormal composition of gut microbiota (Finegold et al. 
2002; Parracho et al. 2005; Adams et al. 2011). Fecal microflora is qualitatively dif-
ferent in autistic subjects compared with controls and siblings (Finegold et al. 2010; 
Kang et al. 2013), and they present an imbalance in beneficial bacteria (Adams et al. 
2011). Specifically, the flora of autistic children is rich in Bacteroidetes and the 
genus Desulfovibrio (Finegold et al. 2010; Finegold et al. 2012).

How can the microflora of autistic children contribute to their behavioral symp-
toms? Bacteria can produce a variety of harmful substances (Fig. 9.3). For example, 
Bacteroidetes produce propionic acid as end product of their metabolism. The intra-
cerebroventricular injection of propionic acid in rats causes a decrease in sociability, 
an increase in repetitive behaviors and gliosis, and they have been proposed as a rat 
model of ASD (MacFabe et al. 2011). The genus Bacteroidetes is highly abundant 
in the fecal material of autistic children (Finegold et al. 2010; Kang et al. 2013).

Bacteria of the genus Desulfovibrio can be found in about 50 % of autistic sub-
jects, in some siblings of autistic children, but not in normal controls (Finegold 
2011). Desulfovibrio is a Gram-negative anaerobic vibrio that produces lipopoly-
saccharide. Serum endotoxin levels are significantly higher in autistic children than 
in control subjects, and they show an inverse correlation with socialization in pa-
tients with severe autism (Emanuele et al. 2010).
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Finally, gut microbiota have an important role in the development and function 
of both the innate and the adaptive immune systems (Round et al. 2010; Olszak 
et al. 2012). So, altered microbiota composition could also argue the immune altera-
tions observed in ASD individuals.

In a small open-label trial with vancomycin (an antibiotic that is not absorbed in 
the gut), children with regressive autism showed behavioral improvement (Sandler 
et al. 2000). However, the use of probiotics or antibiotic in the treatment of autism 
needs to be further evaluated.

9.7  Cytokines as Mediators for Autism Development

Autoimmune diseases, viral infection, gastrointestinal disturbances, and other pro-
posed etiological and pathophysiological pathways in ASD share a common result: 
Changes in the levels of cytokines produced either in the periphery and/or within 
the brain. Hence, cytokines could be considered as the main molecular effectors 
acting on the brain to alter development and behavior.

A neuroimmune hypothesis on the role of cytokines in autism can be that: (1) 
proinflammatory cytokines arising from maternal inflammation, infection or allergy 
during pregnancy, cross the placenta, enter the fetal circulation and pass through the 
fetal BBB; (2) an excess of proinflammatory cytokines released into the fetal brain 
cause aberrant neurogenesis, alters synaptogenesis and neuronal function; and (3) 
altered brain development results in the behavioral symptoms, including reduced 
sociability, stereotypic and repetitive behavior, hyperactivity, attention deficit, anxi-
ety, and hypersensitivity to environmental stimuli.

After an immune response is elicited, mechanisms are triggered to limit this 
response either in time or in magnitude. When these mechanisms fail, autoimmune 
or other pathological results can derive and affect the organism. So, as important to 
mount an effective immune response is to end it when the stimulus is eliminated. To 
this purpose, anti-inflammatory cytokines and endocrine factors are a key to limit 
the immune response, and their failure can lead to long-lasting immune diseases.

The analysis of cytokine profiles in autism pathology reinforces the implica-
tion of an immune deregulation in this disorder. The plasma of autistic patients 
presents increased levels of proinflammatory cytokines such as IL-1β, IL-6, and 
TNF-α (Ashwood et al. 2011a; Malik et al. 2011), and reduced levels of anti-in-
flammatory cytokines such as TGF-β1 (Ashwood et al. 2008a). In addition, pe-
ripheral blood mononuclear cells (PBMC) from subjects with ASD show greater 
lipopolysaccharide-stimulated production of IL-1β (Enstrom et al. 2010b), TNF-α, 
and IL-6 (Jyonouchi et al. 2008) than those from controls. Moreover, PBMC from 
ASD children stimulated with phytohemagglutinin have increased activation of 
both Th2 and Th1 cytokines (Molloy et al. 2006). Finally, a multiplex assay for 
cytokines and chemokines in plasma from individuals with high-functioning ASD 
and matched controls showed increased plasma concentrations of IL-1β, IL-1RA, 
IL-5, IL-8, IL-12(p70), IL-13, IL-17, and GRO-α (Suzuki et al. 2011). On the other 
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hand, Onore and colleagues showed normal levels of IL-17 and decreased IL-23 in 
autistic children (Onore et al. 2009). Another study revealed significant differences 
to IL-1β, IL-12(p70), IL-12(p40), and IL-17 in relationship to electrophysiological 
events, identified at EEG register and focused at temporal region (Robinson et al. 
unpublished results).

Altered brain cytokine levels have also been reported in ASD patients. Postmor-
tem studies have shown high levels of TGF-β, IL-6, and MCP-1, as well as activated 
microglia in the brain of ASD subjects compared to controls (Vargas et al. 2005). 
Moreover, increased expression of cytokines has also been reported in cerebrospi-
nal fluid of ASD patients (Chez et al. 2007; Garbett et al. 2008; Li et al. 2009).

Peripheral cytokines can not only alter immune functions but they can also affect 
different behaviors (Konsman et al. 2002). Cytokines can reach the brain directly, 
or through activation of different communication pathways, including the gut–brain 
and immune–brain pathways.

During an allergic process, immunoglobulins and neuropeptides (e.g., substance 
P, NGF, VIP, and neurotensin) activate mastoid cells and basophils to release cy-
tokines, which can in turn trigger enteric neurons. As the mast cell–neurons in-
teraction occurs at the gut level, an allergic reaction at this level might influence 
behavior following the action of enteric neurons, which are triggered by mast cell to 
convey information through the vagal and spinal afferent pathways into the CNS. A 
hypothesis emphasizing the effect of allergy-linked inflammatory mediators in au-
tism underlines that molecules like IL-6 and histamine promote gene transcription 
of estradiol and retinoic acid. This results in an overexposure of the fetus to retinoic 
acid and estradiol, which has been described as causing brain abnormalities similar 
to those observed in ASD, such as cerebellar malformations, abnormalities of do-
paminergic system, and cranial nerve abnormalities (Garay et al. 2012). Moreover, 
fetal overexposure to estradiol can result in anxiety, hyperactivity and attention def-
icit, stereotype and repetitive movement, and motor deficits (de Theije et al. 2011).

For centuries, the structured system of the BBB, the lack of conventional lym-
phatic drainage, and the low response to alloantigen inoculated in the CNS, were 
arguments to consider this compartment as a privileged site. Nevertheless, today it 
is well known that there is no such privilege, but rather the main differences of the 
immune response in the brain, regarding the periphery, are in the kinetics and the 
degree of regulation of the different stages of the immune response at this level, 
which will take place under the functional control of the immune response and 
influence of cellular mediators acting in a regulated quantitative and temporally 
balanced sequence. Moreover, numerous cytokines are able to cross the BBB, in-
cluding IL-1β, IL-6, and TNF-α (McLay et al. 2000; Prat et al. 2001), whose plasma 
levels are enhanced in autistic patients (Ashwood et al. 2011b; Malik et al. 2011). 
After reaching the brain, specific cytokines can affect brain development and func-
tion. For example, TGF-β involved in diverse aspects of development (Ashwood 
et al. 2008b; Letterio and Roberts 1998). Levels of TGF-β have been found to be re-
duced in the plasma of autistic children and adults, in correlation with more severe 
behavioral scores (Ashwood et al. 2008b), while higher levels of TGF-β were de-
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scribed in postmortem brain and cerebrospinal fluid samples in ASD (Vargas et al. 
2005). This apparent contradiction could result from different roles of this cytokine 
in the brain and in the periphery, and/or result from different temporal roles of this 
cytokine during development. Indeed, using an animal model, it was shown that 
the overexpression of TGF-β1 in the brain can have opposite effects on behavior, 
dependant on the age of the animals (Depino et al. 2011).

Macrophage inhibitory factor (MIF), other proinflammatory immune regulator 
that is constitutively expressed in the brain tissue, has an important influence on 
neural and endocrine systems (Grigorenko et al. 2008). Recently, high plasma levels 
of MIF were observed in ASD individuals with severe behavioral symptoms, and 
genotyping studies linked MIF to ASD and showed the presence of two polymor-
phisms in its promoter region (Grigorenko et al. 2008).

In addition to others functions in the immune system, TNF-αα and IL-1β regulate 
brain processes such as neuron plasticity, long-term potentiation (LTP) and associa-
tive learning, and memory (more information in Chap. 7) (Depino et al. 2004).

In the brain, cytokines can also act on neuroglial cells to induce neuroinflam-
mation. Several factors released by astrocytes might be important for the induction 
and maintenance of the BBB, as manifested by the appearance of endothelial tight 
junctions in cells unsheathed by astrocytic endfeet. In the healthy CNS, astrocytes 
and microglia play important roles in neuronal function and homeostasis, as they 
are both fundamentally involved in cortical organization, neuroaxonal guidance, 
and synaptic transmission (Bilbo and Schwarz 2009).

Astrocytes and microglia, produce neurotrophic factors, cytokines and che-
mokines (Bilbo and Schwarz 2009), regulate the integrity of the BBB (Prat et al. 
2001), and maintain brain homeostasis. Conversely, activated astrocytes and mi-
croglia can induce neuronal and synaptic changes, modifying CNS homeostasis, 
and contributing to neuronal dysfunction during disease. In postmortem brains of 
autistic patients, enhanced activation of astrocytes and microglia was observed in 
the subcortical white matter of the midfrontal gyrus, in the anterior cingulate gyrus, 
in the granular cell layer, in the Purkinje cell layer, and in the white matter of the 
cerebellum (Pardo et al. 2005; Vargas et al. 2005). Similar changes have been ob-
served in animal models of autism (Lucchina and Depino 2014; more information 
in Chap. 8).

9.8  Neurotransmission Disturbed and Immune 
Dysfunction in ASD

Altered brain development can result in long-term changes in neuronal function, 
evidenced by altered neurotransmitter production and receptor expression. In ad-
dition, an alternative to the hypothesis of cytokines acting on the brain to induce 
behavioral changes is to propose that changes in brain development can result in 
persistent alterations of neurons, which can in turn modulate immune function. Dif-
ferential changes in neurotransmitter systems have been referred in autism, includ-
ing serotonin (5-HT), dopamine, noradrenaline (norepinephrine), gamma-aminob-
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utryic acid (GABA), glutamate, and neuropeptides suggesting that a dysregulation 
in neurotransmission could result in altered development. Molecules like oxytocin 
and vasopressin are involved in immune tolerance, serotonin exerts suppressive or 
proliferative responses on T cells, and the vasoactive intestinal peptide (VIP) has an 
immunomodulatory action susceptible to be implicated in ASD.

It has been also reported that cytokines can affect enteric glial cells, although 
their effects on mood, sleep, nutritional intake, exploratory behavior, and social in-
teractions do not necessarily imply that they cause neuronal damage or death (Ber-
nardo et al. 2004). Systemic cytokine administration of IFN-α, IL-2, or TNF-α can 
cause increases in noradrenergic, dopaminergic, and serotonergic metabolism in 
the hypothalamus, hippocampus, and nuleus accumbens (Mohankumar et al. 1991; 
Shintani et al. 1993; Merali et al. 1997).

Neurotransmission at cholinergic synapses is essential for functional aspects of 
cognition, reward, motor activity and analgesia, and a dysregulation of cholinergic 
neurotransmission has been associated with autism. Differences in the regional ex-
pression of specific nicotinic acetylcholinergic receptor(nAChR) subunits in post-
mortem adult brains from autistic and non-autistic individuals have been reported 
(Ray et al. 2005). A decrease in the density of [3H]epibatidine binding sites within 
the parietal cortex, cerebellum, and thalamus of autistic brains was correlated to 
decreases in the levels of α3, α4, and β2 subunits (Martin-Ruiz et al. 2004; Lee 
et al. 2002). Although without a total understanding on the impact of this finding in 
autism pathology, acetylcholine receptor (AChR) expression raises important ques-
tions on whether deficits in nAChR neurotransmission identified in at least a subset 
of autistic children might confer a particularly high sensitivity to the adverse effects 
of organophosphates and/or neonicotinoid exposure. Indeed, allelic variants of the 
gene that encodes for a metabolic enzyme for the detoxification of organophos-
phates have been associated with autism in North America, and the ASD-related 
variant has lower metabolic activity in vitro (D’Amelio et al. 2005).

GABA receptors (GABAR) primarily mediate inhibitory responses, but also 
mediate excitatory transmission (Owens and Kriegstein 2002). This temporally 
regulated effect of GABA has been proposed to underlie a key role of this neu-
rotransmitter in conveying information of the environment into a developing brain 
(Ben-Ari 2002). A failure in proper regulation of the chloride gradient can result in 
an imbalance between excitation and inhibition within developing neural circuits, a 
phenomenon that is proposed to underlie autistic symptoms (Snijders et al. 2013). 
Changes in GABA levels have been found in platelets of autistic children (Rolf 
et al. 1993). Moreover, the density of GABAR is diminished in the hippocampus of 
autistic individuals (Blatt et al. 2001), and both glutamic decarboxylases (GAD) 65 
and GAD67 are reduced in the autistic parietal and cerebellar cortex (Fatemi et al. 
2002). Differential levels of specific GABAA and GABAB receptors also suggest 
a role of GABA in autism (Schmitz et al. 2005; Fatemi et al. 2009a; Fatemi et al. 
2009b).

Central catecholamine imbalance has been reported as a major factor in the be-
havioral phenotype in autism, and a hypofunction of dopamine (DA) and norepi-
nephrine systems has been also suggested in autism. Attention to a role of DA in 
autism was drawn after the observation that some DA blockers (i.e., antipsychotics) 



170 A. M. Depino and M. d. l. A. Robinson-Agramonte

can treat some aspects of autism (Arnold et al. 2010). However, the vast majority 
of studies measuring the levels of DA and its metabolites in the blood or the CSF of 
autistic individuals, have failed to detect differences with controls as was reviewed 
by Lam et al. (2006).

9.9  Current Directions on Immunomodulation in ASD

The concepts of autoimmunity and neuroimmune dysfunction in neurodevelopmen-
tal disorders are current important areas of research. However, some precautions are 
required in interpreting the information at this time of knowledge, since much of 
the evidences are not rigorous and most are aimed at identifying potential markers, 
with only preliminary evidences on the mechanisms underlying their involvement 
in the pathology of ASD.

Many of the experimental data mentioned in our review only suggest or support 
a primary role of failure of immune functions in the pathogenesis of this particular 
neuropsychiatric disorder, which does not imply that such a primary role could have 
been formally proved. We consider that some mechanisms underlying these links 
could be discovered using the recently developed and validated animal models (see 
Chap. 8).

This understanding may contribute to designing better protocols of treatment, 
useful to recover from neuronal dysfunction related to social interaction, verbal 
and nonverbal communication, as well as the repetitive, stereotypical, and overly 
restrictive behaviors present in ASD.

In the context of immunomodulatory therapy in ASD, it has been suggested that 
around 70 % of the children affected undergo complementary and alternative me-
dicinal therapies to treat their symptoms (Levy et al. 2003; Wong and Smith 2006), 
including the use of probiotics, anti-infectives, and dietary augmentation (Golnik 
and Ireland 2009). The clinical trials aimed at testing therapies that modulate the 
immune response in children with ASD have addressed mainly the use of steroids, 
intravenous immunoglobulin G, antibiotics, and vitamin D (Cannell 2008; Gupta 
1999; Plioplys 1998; Pradhan et al. 1999; Sandler et al. 2000; Dalakas 1997; She-
noy et al. 2000; Matarazzo 2002; Bradstreet et al. 2007; Buitelaar et al. 1990; Geier 
and Geier 2005). Understanding the biological effects of these treatments could 
probably provide a better background toward more effective conventional and al-
ternative therapies.

9.10  Conclusions

Although it is well known that autism affects primarily the brain function (mainly 
social functioning and cognition), it is also known that it follows the compromise 
of other organs and systems. So, published evidences have identified widespread 
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changes in the immune system of children with autism, both at systemic and cel-
lular levels. Brain specimens from autistic subjects exhibit signs of active, ongoing 
inflammation, as well as alterations in gene pathways associated with immune sig-
naling and immune function. Moreover, many genetic studies have also indicated a 
link between autism and relevant genes to both the nervous system and the immune 
system, which can in turn affect function in both systems. Together, these reports 
suggest that autism may in fact be a systemic disorder with connections to abnor-
mal immune responses in and outside the brain. Consequently, the immune system 
dysfunction may represent a novel target for treatment. Hence, a better understand-
ing of the involvement of the immune response in autism, and of how early brain 
development is altered, is crucial for a better and earlier intervention of the disease 
and has therapeutic implications. In our opinion, this chapter is a modest contribu-
tion to these propositions.
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Abstract Autism spectrum disorders (ASD) are a group of severe pervasive 
neurodevelopmental disorders characterized by a highly variable impairment in 
social interaction and verbal and nonverbal communication, a stereotyped repeti-
tive behavior, learning problems, and aloofness. ASD is frequently accompanied 
by a core neurobehavioral symptoms and immunological derangements, including 
aberrant sensitivity to sensory stimulation, anxiety and cellular immune deregula-
tion. Currently, the involvement of the neuroimmune pathology in autism remains 
unclear and we consider that a better understanding would be useful for earlier clini-
cal and therapeutic intervention. The main aim of this chapter is to review the most 
current aspects regarding the antibody response in autism occurring either in the 
periphery or into the brain and how they can influence the abnormal development of 
the offspring and modulate the nontypical behaviors frequently observed in autism.
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10.1  Introduction

Certain autoimmune disorders have a robust impact behavior. This has been evi-
denced among people with systemic diseases showing neuropsychiatric symptoms 
(Diamond et al. 2006) With a four times higher incidence in boys than in girls, au-
tism is accompanied by core symptoms of neurobehavioral and immunological de-
rangements, including humoral immunity response antibody mediated. This chap-
ter is aimed to describe current aspects of humoral immunity in autism interacting 
within and outside the brain.

10.2  Autism’s Etiological Hypothesis

Several studies have provided evidence suggesting that autism is a neurodevelopmen-
tal disorder with epigenetic factors, where a pathophysiological process arises from the 
interaction of an early environmental insult with the genetic predisposition inherited. 
(Hallmayer et al. 2011). Prenatal and early postnatal factors involve elements from 
humoral arm of the immune response in autism (Singer et al. 2009; Niehus and Lord 
2006; Hallmayer et al. 2011)(Vojdani et al. 2003; Ashwood and Wakefield 2006; Nie-
hus and Lord 2006; Rosen et al. 2007). Some evidences associated with increased risk 
for ASD are referred as consequences of autoimmune phenomena around pregnancy 
(Ashwood et al. 2006; Cohly and Panja 2005), or by interaction between maternal or 
fetal environmental, at prenatal or perinatal periods (Fombonne 2005a, 2005b; Hertz-
Picciotto et al. 2006) generating a global immune dysregulation during gestation.

In line with this idea, an aberrant immune function in individuals affected by 
ASD has been reported for nearly 40 years with a long-standing focus on autoim-
mune elements (Cooper 2003; Hertz-Picciotto et al. 2006) at least, in a subgroup 
of patients with autism, and following either the autoimmune reaction generated 
by the global immune deregulation during gestation or by the abnormal interaction 
between maternal or fetal environmental and genetic factors, occurring at prenatal 
or perinatal periods (Fombonne 2005a, 2005b; Hertz-Picciotto et al. 2006).

10.3  Immunoglobulins Imbalance in ASD

Immunoglobulin (Ig) G is the most prevalent antibody isotype in human circulation 
with four subclasses, each one with different biological properties and function: IgG1 
and IgG3, predominately responsible for protection against reinfection based mainly 
on their ability to complement activation and the IgG2 and IgG4 a few less protagonist, 
nevertheless, none clear clinical implications of IgG subclasses has been established.
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In case of children with autism an increased serum IgG2 and IgG4 concentra-
tions were demonstrated, associated with certain behavioral outcomes (Croonen-
berghs et al. 2002b, 2002a). A case-control study demonstrated increased IgG4 level 
in children with autism, compared to developmentally delayed children unaffected 
by autism (Enstrom et al. 2010). On the contrary, one study found an negative rela-
tionship between IgG/IgM levels and behavioral symptoms: those patients with the 
highest scores in the behavioral battery had the most reduced levels of IgG and IgM, 
and the diminished IgM levels were more pronounced within the autistic group 
showing the most regressive phenotype (Heuer et al. 2008).

While these reports appear to be contradictory, different methodological and 
epidemiological factors could underlie these results: the use of small sample sizes 
(ranging between 18 and 40 autistic subjects); the type of controls used in the com-
parisons (siblings vs. matched general population vs. patients with other neuropsy-
quiatric diseases); the age of the patients (Ig levels do not reach adult levels until 1 
year of age for IgM, age 6–8 years for IgG, and age 10 years for IgA, so compari-
sons within a broad age range, especially during the age spanning immune develop-
ment, may introduce artifacts); geographic location of the subjects and controls (at 
tropical regions, for example, people in general are more susceptible to variations 
of Ig levels); or, the season during which the sample was obtained (this determines, 
for example, the exposure to immunogens and allergens).

10.4  Antibodies Contributing to Brain Damage in ASD

Regardless of the actual differences in the total amounts of different Igs, the speci-
ficity of these antibodies can be more relevant to understand the etiology and/or 
pathophysiology of autism. Reports of self-reactive antibodies, especially to brain 
and central nervous system (CNS) proteins, have been considered as one of the most 
robust and consistently immunological findings in autism (Cabanlit et al. 2007; 
Singer et al. 2006; Singer and Williams 2006; Wills et al. 2007, 2011; Rossi et al. 
2011; Al-Ayadhi and Mostafa 2011; Mostafa and Al-Ayadhi 2011b, 2011c, 2011a; 
Todd et al. 1988; Singh et al. 1993; Connolly et al. 1999, 2006; Vojdani et al. 2002; 
Singh and Rivas 2004b). It has been estimated that around 25–70 % of children with 
autism have antibodies reactive to neuronal proteins, indicating a potential deregu-
lation in this network of autism (Connolly et al. 1999; Singh et al. 2009, 1997b).

The presence of autoantibodies reactive to neuronal tissue in plasma of children 
with autism suggests a prenatal or early postnatal etiology potentially involving 
an aberrant cross talk between the maternal and fetal immune systems during fe-
tal neurodevelopment (Braunschweig et al. 2013, 2012; Nordahl et al. 2013; Fox 
et al. 2012; Braunschweig and Van de Water 2012; Goines et al. 2011; Croen et al. 
2008a). In humans, maternal IgG isotype antibodies readily cross the placenta to 
equip the immunologically naïve fetus with a subset of the maternal adaptive hu-
moral immune system proteins (Croen et al. 2008b); whereas maternal IgG anti-
bodies which persist for up to 6 months postnatal (Braunschweig and Van de Water 
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2012). However, when along these protective IgGs, other antibodies reactive to 
fetal self-proteins cross the placenta, they can have pathological effects (Bauman 
et al. 2013; Nordahl et al. 2013; Braunschweig et al. 2012; Fox et al. 2012).

Autoimmune disorders associated with antibodies, such as rheumatoid arthritis, 
lupus, and thyroid disease, are increased among mothers and other family members 
of autistic children. Maternal antibodies, therefore, may influence fetal brain devel-
opment during pregnancy by interfering with cell signaling in the developing brain 
and disturbing its organization. These antibodies also might result from environ-
mental exposures in susceptible mothers during pregnancy.

10.4.1  Autoimmunity Mediating Prenatal Brain Damage in ASD

Studies suggesting a role for maternal antibodies in the etiology of autism reported 
that mothers of children with autism present serum patterns of immunoreactivity 
to prenatal rat brain, which are not observed in control mothers. These antibodies 
can be detected after delivery (Zimmerman et al. 2007) or at midpregnancy (Croen 
et al. 2008a). Actually, mothers of an ASD child are four times more likely to have 
antibodies against brain proteins than control women (Brimberg et al. 2013).

The potential role of a heightened or activated maternal immune response in the 
risk for ASD is further strengthened by epidemiological data from large population-
based studies that show increased rates of autoimmune disorders in the families 
of individuals with ASD. Independently or coincidentally, the presence of specific 
anti-fetal brain antibodies in approximately 12 % of mothers of children with ASD, 
which are absent in mothers of children who are typically developing or mothers 
of children with developmental delays, suggests a potential inflammatory process 
occurring in mothers of children with ASD that leads to the production of antibodies 
directed to the developing brain (Onore et al. 2012; Croen et al. 2008a; Careaga and 
Ashwood 2012).These antibodies can be detected after delivery (Zimmerman et al. 
2007) or at midpregnancy (Zimmerman et al. 2007; Croen et al. 2008a). Actually, 
mothers of an ASD child are four times more likely to have antibodies against brain 
proteins than control women (Zimmerman et al. 2007; Brimberg et al. 2013).

Others evidences suggest that the presence of maternal antibodies against fetal 
brain proteins of 37 and 73 kDa of molecular weight increases the risk of autism 
(Zimmerman et al. 2007; Braunschweig et al. 2008, 2012, 2013; Braunschweig and 
Van de Water 2012) or, at least, impairs verbal and nonverbal language acquisi-
tion (Piras et al. 2014). A recent study showed that sera from mothers of autistic 
children react specifically to proteins highly expressed during brain development 
(Braunschweig et al. 2013; Bauman et al. 2013). Moreover, sera from autism moth-
ers recognize fetal brain rat proteins, but not adult ones (Zimmerman et al. 2007), 
suggesting a specific vulnerability during embryonic development. However, other 
studies characterizing the presence of autoantibodies in autistic patients suggest that 
they play a postnatal role (see below).
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Correlational studies linking the occurrence of maternal antibodies and specific 
symptoms of ASD are still largely lacking. Recently, it has been shown that the 
presence of IgG reactive to fetal brain tissue in the maternal serum is associated 
with an enlarged frontal lobe in autistic children, when compared with autistic chil-
dren born from mothers without these antibodies (Nordahl et al. 2013).

Although, it is not clear how these antibodies can result in the behavioral symp-
toms of ASD, some evidences from experimental animals show that they can affect 
neuronal function and alter behavior of the offspring. For example, the injection of 
the serum of a mother of an autistic child into pregnant mice resulted in cerebellar 
and behavioral alterations in the offspring. This serum contained antibodies bind-
ing to cerebellar Purkinje cells (Courchesne 1997; Fatemi et al. 2012). Similarly, 
the injection of purified IgGs from 63 autism mothers into pregnant mice resulted 
in offspring with reduced sociability (Singer et al. 2009). Finally, a single low dose 
gestational exposure to IgG from autism mothers results in mice showing impaired 
sensory and motor development and altered behavior (Braunschweig et al. 2012).

In addition, the injection of purified IgGs from 21 mothers of at least one child 
with autism into pregnant rhesus monkeys resulted in offspring showing atypical 
social behavior and increased stereotypies (Martin et al. 2008). Moreover, monkeys 
prenatally exposed to IgGs from autism mothers showed enlarged brain volume, 
especially due to increased white matter volume (Bauman et al. 2013).

10.4.2  Autoimmunity Mediating Postnatal Brain Damage in ASD

Autoantibodies directed against different CNS proteins have not only been detected 
in mothers, but also in autistic patients. The first report on autoantibodies against 
brain proteins was almost 30 years ago (Todd and Ciaranello 1985), and they were 
shown to bind to proteins expressed in various rat brain regions (Singh and Rivas 
2004b, 2004a)(Singh and Rivas 2004b) and human brain proteins (Cabanlit et al. 
2007; Singer et al. 2006, 2009). Numerous antigens have been identified, including 
glial and neuron-axon filament proteins (Singh et al. 1997b), myelin basic pro-
tein (MBP)(Singh and Rivas 2004b, 2004a; Libbey et al. 2008), serotonin recep-
tors (Todd and Ciaranello 1985), nerve growth factor (Connolly et al. 2006), brain-
derived neurotrophic factor (Connolly et al. 2006), and brain endothelial (Vojdani 
et al. 2002, 2004; Wills et al. 2007, 2011, 2009; Rout et al. 2012; Libbey et al. 2008; 
Kirkman et al. 2008). It is also important to note that it is not clear whether autistic 
children are positive for more than one antibody.

Ganglioside M1 is the most abundant ganglioside in neural membranes and spe-
cific antibodies have been detected in some autoimmune diseases with neurologi-
cal involvement. Autistic patients show increased serum levels of anti-ganglioside 
M1 antibodies and their titer correlated with the severity of the disease (Mostafa 
and Al-Ayadhi 2011b; Vojdani et al. 2002, 2004; Wills et al. 2011). Nevertheless, 
some authors had found lack of association between these autoantibodies and au-
tism (Moeller et al. 2013).
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A study, characterizing the prevalence and specificity of autoantibodies against 
cerebellar tissue (Wills et al. 2009; Vojdani et al. 2002), 21 % of the ASD children 
presented autoantibodies reactive to a protein expressed at cerebellum, specifically 
by Golgi cells, while another study identified antibodies against different cerebel-
lar proteins in autistic children (Wills et al. 2009; Vojdani et al. 2002; Goines et al. 
2011), and showed that antibodies against a 45 kDa cerebellar protein are associ-
ated in an specific manner with autism,whereas, antibodies reacting to a 62 kDa 
cerebellar protein was associated with other disorders under the umbrella of ASD. 
Therefore, the specificity of the autoantibodies in ASD could underlay the differ-
ent symptoms observed in autism, nevertheless, the pathological relevance of these 
must be clarified (Hegvik et al. 2014). Some authors reporting antibodies reactive 
to fetal brain proteins in autism, suggest that it may predict better behavioral and 
emotional problems than diagnosis (Rossi et al. 2011), while others reports claim 
that these antibodies do not predict autism (Morris et al. 2009) and that autoantibod-
ies in children with autism appear to react more with the fully developed brain than 
with specific structure in the fetal brain unlike their mothers (Cabanlit et al. 2007; 
Singer 2009),as well as the previous reported immunoreactivities have been chal-
lenged (Mostafa and Al-Ayadhi 2012; Moeller et al. 2013).

Worth noticing, another study has revealed in the sera of ASD children the pres-
ence of antibodies against GABAergic neurons throughout the central nervous sys-
tem, and not specifically in the cerebellum (Wills et al. 2011; Rout et al. 2012).

Moreover, the presence of neuronal protein-specific autoantibodies are associ-
ated with increased behavioral impairments and more severity in children with ASD 
(Mostafa and Al-Ayadhi 2011b, 2012), suggesting a link between the autoimmune 
processes and behavioral dysfunction. So, autoantibodies directed against a 45 kDa 
protein present in the cerebellum were not only found more frequently in children 
with ASD but were also associated with lower adaptive and cognitive function, as 
well as increased aberrant behaviors (Wills et al. 2011; Goines et al. 2011). How-
ever, replication studies of antibody-specific antigen targets, such as MBP and Glial 
 Fibrillar Acid Protein (GFAP), have been inconsistent, suggesting that further studies 
are needed to identify the target or targets and/or associated autoimmune phenomena 
(Libbey et al. 2008; Kirkman et al. 2008). It would be interesting to clarify whether 
the presence of autoantibodies in children can be or not useful to predict ASD, and 
which are the pathological mechanisms resulting in the core symptoms of the disease.

10.5  Antinuclear Antibodies in ASD

Studies evaluating the occurrence of autoantibodies against nuclear proteins in au-
tism, reported that antinuclear antibodies were present in children with autism in a 
high frequency (Singh and Rivas 2004a), as it is observed in other typical autoim-
mune diseases like systemic lupus erythematosus, but not in normal children (Co-
lasanti et al. 2009), suggesting a link of autoimmunity and the aberrant behavioral 
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observed in autism since neuropsychiatric symptoms are often observed in autoim-
mune diseases as well as serum antinuclear autoantibodies, in patients with autoim-
mune diseases showing neuropsychiatric symptoms, cross react with N-methyl-D-
aspartate (NMDA) receptor related to glutamate neurotransmitter (Diamond and 
Volpe 2006; Huerta et al. 2006; Kowal et al. 2006).

Serum levels of antinucleosome-specific antibodies have been reported increased 
in some autistic children, especially with a family history of autoimmunity. How-
ever, their role in the induction of autoimmunity in a subgroup of autistic children 
is not clear (AL-Ayadhi and Mostafa 2014)

10.6  Antiphospholipid Antibodies in Autism

Antiphospholipid antibodies recognize a number of diverse targets including car-
diolipin, phosphoserine, and β2-glycoprotein 1. Elevated levels of antiphospholipid 
antibodies have been found in the blood and cerebral spinal fluid of psychiatric 
patients having hallucinatory and/or delusionary episodes (Sokol et al. 2007). In 
individuals with neuropsychiatric systemic lupus erythematosus, elevated titers of 
anticardiolipin antibodies are reported most often in patients with cognitive impair-
ment, psychosis, depression, seizures, chorea, and migraines (Blank et al. 2007; 
Zandman-Goddard et al. 2007). Moreover, some experiences in animal models of 
rodents, by administration of antiphospholipid antibodies, demonstrated the possi-
bility to induce a number of psychological side effects, including increased anxiety 
and decreased cognition learning and memory (Shoenfeld et al. 1998; Lerner et al. 
1998) in this pathology.

Recent studies have also found levels of anticardiolipin, β2-glycoprotein 1, 
and anti-phosphoserine antibodies elevated in children with ASD compared with 
age-matched  typically developing (TD) and developmental delays (DD) controls 
(Careaga et al. 2013; Abisror et al. 2013). Furthermore, the increase in antibody 
levels was associated with more impaired behaviors reported by parents (Abisror 
et al. 2013; Careaga et al. 2013; Careaga and Ashwood 2012)

Autoantibodies directed toward serotonin receptors have also been demonstrated 
in autistic patients compared with controls (Singh and Rivas 2004b; Burgess et al. 
2006; Singh et al. 1997a; Yuwiler et al. 1992; Todd and Ciaranello 1985), support-
ing the role of serotonin in the abnormal immune response and behavioral in autism.

These evidences argue for an increased utilization of dietary tryptophan by the 
gut and less tryptophan available for passage through the blood-brain barrier, which 
would result in reduced 5-HT levels in the brain, an additional argue to the mood 
and cognitive dysfunctions reported in ASD (McDougle et al. 1996; Cappiello et al. 
1996). Nevertheless, from this analysis more research would be conducted to estab-
lish a potential therapeutic target in ASD to the future, either by providing dietary 
tryptophan or by pharmaceutical treatments based in selective serotonin reuptake 
inhibitors.
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10.7  Environmental Factor and Autoimmune Disorders

Some potential environmental factor triggering for autoimmune disorders had been 
studied in autistic children. Vitamin D, for example, might play a regulatory role in 
the production of autoantibodies. Recent studies have found that Serum 25-hydroxy 
vitamin D levels had significant negative correlations with serum levels of anti-my-
elin-associated glycoprotein (anti-MAG) autoantibodies in some autistic children. 
Vitamin D deficiency may contribute to the production of these autoantibodies, 
through induction of specific CD4(+)CD25(high) regulatory T-cells (Mostafa and 
Al-Ayadhi 2012).

In relationship to autoimmune response to dietary proteins, some studies re-
vealed high seropositivity for autoantibodies to casein and gluten might be associ-
ated with autism (Vojdani et al. 2003; Kawashti et al. 2006).

On the other hand, reduced folate transport to the CNS was identified in two 
autism spectrum disorders, i.e., Rett syndrome and infantile low-functioning au-
tism with neurological abnormalities. The reduced Cerebrospinal fluid (CSF) folate 
in these patients could be explained by serum folate receptor (FR) autoantibodies 
blocking the folate binding site of the membrane-attached FR on the choroid epithe-
lial cells. Early detection of FR autoantibodies may be a key factor in the prevention 
and therapeutic intervention among this subgroup of patients with autism (Vojdani 
et al. 2003; Ramaekers et al. 2007).

A study to see the relation between oxidative stress (by measuring plasma F2-
isoprostane, as a marker of lipid peroxidation, and glutathione peroxidase, as an 
antioxidant enzyme) and autoimmunity (as indicated by serum antineuronal anti-
bodies) in a group of 44 Egyptian autistic children and 44 healthy-matched children 
were doing.

It was found that, the strong association between oxidative stress and autoimmu-
nity in autistic children may indicate the possible role of oxidative stress, through 
induction of autoimmunity, in some autistic patients (Mostafa et al. 2009)

Autoimmunity to the CNS, especially to MBP, may play a causal role in autism, 
a neurodevelopmental disorder. Because many autistic children harbor elevated lev-
els of measles antibodies, a serological study of measles-mumps-rubella (MMR) 
and MBP autoantibodies was conducted. The high expression of MMR antibody 
specifically detected a protein of 73–75 kD measles hemagglutinin (HA) protein, 
which is unique to the measles subunit of the vaccine. Furthermore, over 90 % of 
MMR antibody-positive autistic sera were also positive for MBP autoantibodies, 
suggesting a strong association between inappropriate antibody response to MMR 
and CNS autoimmunity in autism (Singh et al. 2002).

However, in other research authors found that, a deficient immune response to 
MMR vaccine antigens might be associated with autism, as a leading cause or a 
resulting event (Kawashti et al. 2006).

Others studies demonstrated that dietary peptides, bacterial toxins, and xenobiot-
ics bind to lymphocyte receptors and/or tissue enzymes, resulting in autoimmune 
reaction with autoantibody production, in children with autism (Vojdani et al. 2003).
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10.8  Conclusions

Although it is well known that autism affects primarily the brain function (mainly 
social functioning and cognition), it is also known that it follows the affectation 
of other organs and systems. So, published evidences have identified widespread 
changes in the humoral immune response of children with autism and neuroimmu-
no-endocrine interaction. Brain specimens from autistic subject’s exhibit signs of 
active, ongoing inflammation. These reports suggest that autism may in fact be a 
systemic disorder where under the influence of prenatal and around birth factors, 
an early brain development alter is caused, which is potentially critical to induce 
autism development.
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Abstract Nowadays, autism could be considered as a still untreatable disease. Its 
very complex nature and the still unclear pathophysiology and pathogenesis create 
challenges in treating this disorder. Current drug options for autism management are 
not effective for the treatment of core symptoms of autism.

This chapter describes the state-of-the-art about pharmacological interventions 
and focuses on novel potential therapeutics, including cell therapies, for autism care.

Keywords Autism · Pharmacotherapy · Cell therapy

11.1  Introduction

11.1.1  Autism: A Brief Overview

Autism and autism spectrum disorders (ASDs) are complex heterogeneous neuro-
developmental conditions (American Psychiatric Association 2000). Interaction of 
genetic and environmental factors contributes to the development of these multi-
factorial disorders (Siniscalco et al. 2013a). Dysfunctions in communication skills 
and social interactions, combined with repetitive, restrictive, and stereotypic verbal 
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and nonverbal behaviors are the common symptoms. Despite extensive research 
efforts, the etiologic-pathologies of ASDs are still inadequately understood (Sinis-
calco 2013; Siniscalco and Cubala-Kucharska 2013; Siniscalco et al. 2012b).

Estimated ASD prevalence is still raising; these disorders are now recognized 
as urgent public health problems, as their frequency continues to increase dramati-
cally, until present dramatic rates of 1 in 68 children aged 8 years in the USA, ac-
cording to Center for Disease Control (Baio 2014).

In addition, ASDs show a negative impact on the quality of life of patients and 
their families (Siniscalco et al. 2013b). Increased stress and mental and physical 
health problems have been reported in parents of autistic children compared with 
parents of typically developing children (Karst and Van Hecke 2012).

Health system has also been affected, as the estimated total lifetime societal cost 
of caring one autistic patient is US $ 3.2 million (Siniscalco 2013). Indeed, autism 
is a pathology that persists throughout the entire existence, hence autistic individual 
needs, throughout their life, continuous protection, comprehensive and accessible 
health care services, and prolonged specialized assistance and opportunities for in-
dependent adult life by the family (Siniscalco et al. 2013b; Zablotsky et al. 2014).

For a molecular point of view, several cellular and biochemical events are associ-
ated with ASDs: cellular oxidative stress; endoplasmic reticulum stress; decreased 
methylation capacity; limited production of glutathione; mitochondrial dysfunction; 
intestinal dysbiosis; increased toxic metal burden; immune dysregulation; immune 
activation of neuroglial cells (Siniscalco et al. 2012b).

The very complex nature of autism and the still unclear pathophysiology and 
pathogenesis create challenges in treating these disorders. However, there is no ef-
fective pharmacological intervention for the treatment of core symptoms of ASDs 
(Siniscalco and Antonucci 2013a)].

11.2  Autism: Current Therapies

First of all, it must be pointed out that many autism clinician practitioners agree that 
an early, intensive, individual-designed, and multitreatment program will greatly 
improve the condition of most young autistic children. Several treatments could be 
enrolled; however, a combination of techniques is to be preferred. Current available 
treatments for autism can be divided into: behavioral, nutritional, psychotherapeuti-
cal, and pharmacological approaches—even if a defined standard approach does 
not exists. The most used approaches include: psychological intervention, occupa-
tional and physical therapy, speech-language therapy, medications and sensory in-
tegration, and vision therapy (http://umm.edu/health/medical/ency/articles/autism 
 Siniscalco and Antonucci 2013b).

Nowadays, it is well recognized that once a child is diagnosed with autism, the 
psychological intervention is a priority (Siniscalco et al. 2013b). The widely used 
and the most effective psychological treatment is the applied behavior analysis 
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(ABA). This program uses a one-on-one teaching approach useful for reinforcing 
the practice of various skills and is usually performed in the child’s home under 
the supervision of a behavioral psychologist. With the use of this program, psy-
chologists try to reach the goal of getting the child close to normal developmental 
functioning.

Another used program is the Treatment and Education of Autistic and Related 
Communication Handicapped Children (TEACCH). TEACCH uses picture sched-
ules and other visual cues that help the child work independently, and organize 
and structure their environments. Unlike ABA programs, TEACCH programs try to 
improve child’s adaptation and skills, and also accept the problems associated with 
autism without trying to overcome them.

11.2.1  Drugs

Pharmacological treatments only target secondary neuropsychiatric symptoms (i.e., 
irritability, depression, anxiety, and obsessive-compulsive behaviors) coassociated 
with ASDs, without addressing the core symptoms (social interaction and commu-
nication deficits, restricted and repetitive behaviors) (Farmer et al. 2013). Several 
drugs are prescribed: psychostimulants, alpha-2 agonists, beta blockers, lithium, 
anticonvulsant mood stabilizers, atypical antipsychotics, traditional antipsychotics, 
selective serotonin reuptake inhibitors (SSRIs), antidepressants, and antipsychotics. 
Developing new drugs for autism has been challenging because of a limited under-
standing of its pathophysiology, difficulties in establishing efficacious models of 
the disease and the heterogeneity of symptoms (Ghosh et al. 2013). However, in the 
past years several drugs have been evaluated and due the lack of efficacy have been 
eliminated as possible treatments for the core symptoms of autism. In example, the 
indirect serotonin (5-hydroxytryptamine) agonist fenfluramine (a drug approved in 
the USA to treat obesity) has been proposed for treating autism, due to its potential 
to decrease blood levels of serotonin (Cook and Leventhal 1996). The serotonin 
system is involved in autism and many autistic patients show elevated levels in 
blood. However, no therapeutic effect of fenfluramine on autistic core symptoms 
was achieved. In addition, several adverse effects on learning and, above all, warn-
ings on associated cardiac valvular disease led to the removal of fenfluramine from 
the market in 1997 (Farmer et al. 2013).

Anticonvulsant mood stabilizers were frequently used, likely to treat epilepsy-
associated symptoms (Farmer et al. 2013). Several clinical studies, however, dem-
onstrated the lack of effects in treating autism core symptoms for divalproex sodi-
um, lamotrigine, and levetiracetam (Hollander et al. 2010; Belsito et al. 2001; Was-
serman et al. 2006). Although valproate sodium (VPA) and other mood stabilizers 
were considered safe and well-tolerated and could be effective for the coassociated 
symptoms, such as irritability and aggression, as result of the studies, this class of 
drugs does not treat the autism core symptoms. In addition, it is very important to 
consider that, on the other hand, VPA is used as autism triggering drug in animal 
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models (Patterson 2011). VPA is also a potent neurobehavioral and neurocognitive 
teratogen for humans and should be strictly avoided during pregnancy (Martin and 
Manzoni 2014; Gentile 2014).

Among the atypical antipsychotic drugs, the most prescribed for autism is ris-
peridone (Systematic IUPAC name 4-[2-[4-(6-fluorobenzo[d]isoxazol-3-yl)-1-pi-
peridyl]ethyl]-3-methyl-2,6-diazabicyclo[4.4.0]deca-1,3-dien-5-one). Early ap-
proved by US Food and Drug Administration (FDA) for schizophrenia, it is now 
used to treat irritability, violent meltdowns, tantrums, aggression, and self-injury 
in autistic patients. Together with aripiprazole, it is the unique atypical antipsy-
chotic drug approved by FDA for using in children and adolescents (McKinney and 
Renk 2011). Risperidone was also approved by the European Medicines Agency 
for use in ASDs. Risperidone is a selective postsynaptic monoaminergic antagonist 
with high affinity for serotonin 5-HT2A and dopamine D2 family receptors, as well 
as the D1 receptors. Adverse effects are impressive, whereas long-term effects are 
not clear. The most commonly reported included some extrapyramidal symptoms, 
somnolence, fatigue, anxiety, increased prolactin, upper respiratory tract infection, 
tremor, dystonia, hyperglycaemia, drowsiness, nasal congestion, increased saliva, 
dry mouth, enuresis, diarrhea/constipation, weight gain, and increased appetite (Ba-
ribeau and Anagnostou 2014). The increase in weight could be linked to its antago-
nistic actions also at the 5-HT2C receptor. Risperidone is also able to bind α1 (hy-
potensive effects and sedating effects) and α2 adrenergic receptors and histamine 
H1 receptors (sedation and reduction in vigilance) (Brunton et al. 2010). While the 
short-term benefit of risperidone in ameliorating severe disruptive behavior, such as 
irritability, in autistic children is well established (Troost et al. 2005), suggesting its 
use at low dose as emerging drug for the treatment of irritability associated with au-
tistic disorder in children and adolescents (Scott and Dhillon 2008); caution should 
be given for its adverse effects and unknown long-term effects. Several clinicians 
believe that the ratio benefits/side effects is not enough to justify this medication in 
ASDs management.

Paliperidone, an active metabolite of risperidone, approved for schizophrenia 
and schizoaffective disorders in the USA, was able to decrease the irritability as-
sociated with autism in a prospective, 8-week open-label small study conducted in 
25 adolescents and young adults with autism (Stigler et al. 2012).

Aripiprazole (IUPAC name 7-[4-[4-(2,3-dichlorophenyl)piperazin-1-yl]butoxy]-
3,4-dihydro-1H-quinolin-2-one), a partial dopamine agonist, is an atypical antipsy-
chotic also used to treat irritability and hyperactivity in ASDs (Ching and Pring-
sheim 2012). It is sometimes included in third-generation antipsychotic class, since 
it is aripiprazole, is a partial agonist at both dopamine D2 and serotonin 5-HT1A 
receptors and an antagonist at serotonin 5-HT2A, whereas second-generation an-
tipsychotics show several levels of antagonism at the D2 receptors (Farmer and 
Aman 2011). Its pharmacodynamics is very particular. Indeed, aripiprazole works 
as agonist or antagonist in correlation to receptor density and local concentrations 
of dopamine. It antagonizes the D2 receptor under hyperdopaminergic conditions, 
and is an agonist under hypodopaminergic conditions (Kikuchi et al. 1995). It is 
also a 5-HT2C partial agonist and an inverse agonist at the 5-HT2B receptor. Also 
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for this drug, major adverse effects include weight gain, sleepiness, sedation, drool-
ing, and tremors and long-term safety and effects are unknown (Ching and Pring-
sheim 2012). However, some authors reported that there is no weight gain and no 
significant changes in glucose or lipid metabolism with its use, indicating a signifi-
cant advantage over risperidone (Greenaway and Elbe 2009).

The results of clinical trials strongly suggest that the effects of atypical antipsy-
chotics on the core symptoms of autism are very modest. Sometimes, the perceived 
improvements in the core symptoms are just related to the improvement in irritabil-
ity and no study has been conducted to evaluate the core symptoms as a primary 
outcome (Farmer and Aman 2011). As stated above, the ratio benefits/side effects 
associated with the atypical antipsychotics does not justify their use and reconsider-
ing the use of atypical antipsychotic in autism care is strongly encouraged (McKin-
ney and Renk 2011).

The SSRIs are the most commonly prescribed off-label antidepressants for au-
tism. Also for these drugs, their use is for the treatment of autism comorbidity, such 
as depression, anxiety, and obsessive-compulsive behaviors (Williams et al. 2013). 
A huge double-blind, placebo-controlled study on the use of citalopram (IUPAC 
name (RS)-1-[3-(dimethylamino)propyl]-1-(4-fluorophenyl)-1,3-dihydroisoben-
zofuran-5-carbonitrile) for autism core symptoms showed no effect of citalopram 
treatment over placebo. On this basis, authors concluded that the results do not sup-
port the use of citalopram for the treatment of repetitive behavior in ASD children 
and adolescent (King et al. 2009). Clomipramine (IUPAC name 3-(3-chloro-10,11-
dihydro-5H-dibenzo[b, f]azepin-5-yl)-N, N-dimethylpropan-1-amine) a tricyclic 
antidepressant showed no effects on stereotypy (Remington 2001). The results of 
several randomized clinical trials agree that the efficacy of SSRIs for the treatment 
of repetitive behaviors in ASDs is modest and whether or not these drugs are effec-
tive is still unclear (Carrasco et al. 2012). Tolerability and appropriate dose need 
further studies. In addition, concerns about the association between the use of SS-
RIs during pregnancy and an increased risk of autism spectrum disorders in the off-
spring have been raised and need to be evaluated (Hviid et al. 2013; Rai et al. 2013).

11.2.2  Other Drugs

Cholinergic drugs, such as acetylcholinesterase inhibitors used for dementia treat-
ment, have been proposed to treat autism, based on the fact that nicotinic recep-
tors and M1 muscarinic receptors were found decreased in brain specimens from 
autistic individuals. Rivastigmine tartrate (IUPAC name (S)-3-[1-(dimethylamino)
ethyl]phenyl N-ethyl-N-methylcarbamate), a cholinesterase inhibitor (it inhibits 
both butyrylcholinesterase and acetylcholinesterase), showed positive effects in 
ameliorating speech and overall autistic behavior in a 12-week open-label clini-
cal trial on 32 autistic patients (Chez et al. 2004). However, the anticholinesterase 
tacrine (IUPAC name 1,2,3,4-tetrahydroacridin-9-amine) showed modest effects in 
the short-term treatment of irritability in autistic children. Hepatotoxicity makes 
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it not recommended as a helpful drug for autism (Niederhofer 2007). Donepezil 
(IUPAC name (RS)-2-[(1-benzyl-4-piperidyl)methyl]-5,6-dimethoxy-2,3-dihydro-
inden-1-one) decreased irritability and hyperactivity in a small study. No changes in 
the core autistic symptoms were reported; side effects were gastrointestinal distur-
bances and mild irritability (Hardan and Handen 2002). In a later study, donezepil 
was effective in decreasing rapid eye movement sleep in autistic children; how this 
sleep state is correlated to cognition and behavior in autism remains to be elucidated 
(Buckley et al. 2011). Aggression and inattention were also decreased in an open-
label study on the use of galantamine (IUPAC name (4aS,6R,8aS)-5,6,9,10,11,12-
hexahydro-3-methoxy-11-methyl-4aH- [1]benzofuro[3a,3,2-ef] [2] benzazepin- 
6-ol) (Nicolson 2006). Safety alerts were released by FDA for its use in mild cog-
nitive impairment after several deaths related to vascular causes (http://www.fda.
gov/Safety/MedWatch/SafetyInformation/SafetyAlertsforHumanMedicalProducts/
ucm152595.htm). Lastly, mecamylamine (IUPAC name (1S,2R,4R)-N,2,3,3-tetra-
methylbicyclo[2.2.1]heptan-2-amine), a nonselective and noncompetitive nicotinic 
receptor blocker, was ineffective in a placebo-controlled pilot trial (Arnold et al. 
2012).

It has been proposed a role for glutamate excitotoxicity in the pathogenesis of au-
tism (Essa et al. 2013). Language functions and social behavior were improved with 
the use of memantine (IUPAC name 3,5-dimethyltricyclo[3.3.1.13,7]decan-1amine), 
a nonselective NMDA receptor blocker, but also a dopamine D2 receptor agonist 
(Seeman et al. 2008), in autistic children over a 21-month period (Chez et al. 2007). 
No serious side effects were reported. However, an open-label pilot study reported 
only moderate improvements in cognitive functioning and behavioral symptoms 
(Owley et al. 2006).

Taken together, these results highlight that the efficacious and definitive phar-
macologic treatment for the core symptoms of autism does not exist (Farmer et al. 
2013). Hence, the lack of effective drugs have led to an increased sense of urgency 
to identify novel targets and therapies for ASDs (Ghosh et al. 2013).

11.2.3  Autism: Other Therapies

It has been suggested a therapeutic potential of oxytocin in treating core dimen-
sion of autism. Indeed, oxytocin, administered as nasal spray, as it does not cross 
the blood brain barrier (BBB), was able to improve emotion recognition and social 
behavior in autistic young people in respect to placebo, opening the way for its use 
to improve social communication and interaction in ASDs (Guastella et al. 2010). 
Oxytocin (IUPAC name 1-({(4R,7S,10S,13S,16S,19R)-19-amino-7-(2-amino-2-
oxoethyl)-10-(3-amino-3-oxopropyl)-16-(4-hydroxybenzoyl)-13-[(1S)-1-methyl-
propyl]-6,9,12,15,18-pentaoxo-1,2-dithia-5,8,11,14,17-pentaazacycloicosan-4-yl}
carbonyl)-L-prolyl-L-leucylglycinamide) is a hormone (nonapeptide) produced by 
the hypothalamus. Its action is mediated by specific G-protein-coupled receptors (oxy-
tocin receptors). Once released by neurons, it is transported via large neurosecretory  
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axons to the posterior hypothalamus. It has been demonstrated that changes in oxy-
tocin receptor gene or aberrant methylation of the receptor protein, with epigenetic 
mechanism as protein expression regulators, are related to autism etiology (Jacob 
et al. 2007; Wermter et al. 2010; Insel 2010). Oxytocin-treated autistic patients ex-
hibited more appropriate social behavior and affect (Andari et al. 2010), confirming 
the results obtained in rodents, suggesting that oxytocin could facilitate social in-
formation processing (Hollander et al. 2007). Further research is necessary to verify 
potential side effects.

Bioactive proteins and peptides could provide novel therapeutic applications for 
autism treatment (Siniscalco and Antonucci 2013b). Oxidative stress and mitochon-
drial dysfunction are among molecular changes associated with ASDs, possibly re-
flecting an impairment in cellular redox homeostasis. The ratio glutathione/glutathi-
one disulfide (GSH/GSSG) is a marker of the redox-dependent cellular functions, 
as well as of cellular toxicity. It has been proposed that autistic children display a 
decreased capacity to counterbalance redox damages and detoxification capacity. 
Indeed, these children show decreased blood levels of total and reduced GSH, while 
oxidized GSH is significantly increased (Geier et al. 2009). Glutathione is a sulfhy-
dryl tripeptide (cysteine, glycine, and glutamate) with a strong antioxidant capacity 
and its supplementation in autistic children, together with daily consumption of 
cysteine-rich foods, could increase plasma GSH levels (Kern et al. 2011; Witschi 
et al. 1992; McPherson and Hardy 2011).

Another interesting potential option for the management of ASD-related behav-
iors is the vitamin C (McGinnis 2004). This polypeptide is widely recognized as 
antioxidant and, together with other antioxidant peptides containing 5–16 amino 
acid residues, is an inhibitor of lipid peroxidation, scavengers of free radicals and 
chelators of transition metal ions (Siniscalco and Antonucci 2013b). Treating ASDs 
with antioxidant peptides could be an optimal strategy to target the oxidative stress 
and related autoimmunity (Mostafa et al. 2010).

11.3  Future Directions: Cellular Therapies

Nowadays, it is widely recognized that stem cell therapy represents the great prom-
ise for the future of molecular and regenerative medicine (Siniscalco et al. 2012a). 
In principle, stem cells provide a valid approach to curing several untreatable hu-
man diseases. Of course, stem cells represent a possibility also for curing ASDs 
(Siniscalco 2012). Stem cells are defined by two important and fundamental char-
acteristics: (1) their self-renewal ability: the capacity to generate more identical 
stem cells; (2) differentiation process: the capacity to give rise to more differenti-
ated cells. In addition, stem cells also show paracrine regulatory functions (Caplan 
and Dennis 2006): the capacity to synthesize and release a complex plethora of 
biomolecules (stem cells as “biopharmacy”), which in turn are able to regulate sev-
eral key cellular processes, such as cell differentiation, tissue and organ repair, scar 
formation, apoptosis, mitosis and anti-inflammatory actions in the host recipient. 
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The great appeal (especially in ASDs) of stem cells, however, is due to their strong 
immunomodulatory capacity (Siniscalco et al. 2013c). This property is performed 
through the paracrine activity; by synthesizing and releasing (secretome activity) 
key molecules (i.e., anti-inflammatory cytokines) stem cells regulate host immune 
system cells (i.e., B and T cells). It is noteworthy to consider that autism is related 
to immune imbalance. It has been demonstrated a strong dysregulation in peripheral 
blood monocytic cells (PBMCs) or monocytes, the key regulators of the immune 
response (Siniscalco 2012c). Monocyte dysfunction could result in long-term im-
mune alterations in autistic children (Enstrom et al. 2010). Stem cells could restore 
immune system also through a cell-to-cell contact activation mechanism, through 
which transplanted stem cells are able to switch proinflammatory macrophages to 
anti-inflammatory macrophages (Siniscalco et al. 2011). Through these two mecha-
nisms stem cells could, simultaneously: counterbalance the immune system aber-
rations, and activate endogenous restorative mechanisms within damaged tissues 
contributing to recovery of functional deficits.

Among stem cell population, mesenchymal stem cells (MSCs) gained much con-
sideration for ASD management (Siniscalco et al. 2012b). MSCs, nonhematopoietic 
stem cells with a multilineage potential, are easily obtained and collected from a 
small aspirate of bone marrow; in addition, these cells show other important char-
acteristics useful for transplantation purposes: a high expansion potential, genetic 
stability, stable phenotype, high proliferation rate as adherent cells, and self-renew 
capacity. For their in vivo immune-modulatory properties, there are no problems 
with immune rejections after transplantation. There is also no tumor formation on 
transplantation, and no moral objection or ethical controversies are involved, as 
with the use of embryonic stem cells (ESCs) (Siniscalco et al. 2012b; Siniscalco 
et al. 2010). In addition, once transplanted, MSCs are able to migrate to the sites 
of injury or damage, likely driven by disease-specific chemical environment, and 
participate in the repair process (Li and Jiang 2011), also in this way restoring the 
altered brain organization is seen in autistic subjects.

In principle, other stem cell types beyond MSCs could be useful for ASD treat-
ment (Siniscalco et al. 2013c). A very important subtype for clinical use is fetal stem 
cells (FSCs). These cells are a subpopulation resident within fetal tissues with im-
mune- regulatory functions as found in MSCs. As advantage, they exhibit a greater 
expansion capacity and enhanced plasticity (Klemmt et al. 2011). Success of al-
logeneic FSC transplants in autism could be related to their great pluripotency, as 
well as for the absence of no expression of MHC-I and no MHC-II (Laguna Goya 
et al. 2011). FSCs also show strong immunomodulatory effects (Chen et al. 2011), 
together with stable phenotype and less senescence. Reduction in cellular ageing is 
a prerequisite for transplantation aims. Very important; unlike ESCs, they are not 
able to form teratomas posttransplantation and are obtained from tissues that would 
otherwise be discarded (Siniscalco et al. 2013c). Their utility in autism could be 
related to paracrine trophic actions on host tissues rather than cell replacement. In 
addition, as FSCs are derived from the three germinal layers: ectodermal, mesoder-
mal, and endodermal layers, they retain their tissue-specific instructions and could 
restore dysfunctional development of the brain, gut, and immune system.
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Hematopoietic stem cells (HSCs) are the cells responsible for forming blood 
and immune cells. They are able to modulate chronic inflammation and immune 
responses. As stem cells, HSCs show self-renewal, mobilization, and multipotent 
differentiation and homing capacities. It has been proposed that in autism these 
cells could be effective in restoring damaged BBB (Siniscalco et al. 2013d). Indeed, 
endogenous HSCs are also resident in brain and could provide constant generation 
of macrophagic cells without damaging BBB. Due to their role of removing cellular 
debris (i.e., myelin fragments), these macrophagic cells contribute to the normal 
homeostasis of brain function.

11.3.1  Cell Therapy in Autism: Clinical Evidences

An open label proof of concept study on the use of autologous bone marrow mono-
nuclear cells (BMMNCs) transplantation in 32 patients with autism has recently 
demonstrated the efficacy of this population of cells in treating autism (Sharma 
et al. 2013). As the administration route was intrathecal, some adverse events (in 
minimal percentage) were related to the procedure (spinal headache, nausea, vomit-
ing, backache, and pain at the site of injection); while the side effects related to cel-
lular transplantation were transient minimal increase in hyperactivity and sometime 
seizures. Cell treated patients improved behaviors and sensory issue, as well as 
speech. Authors hypothesized that cells were able to restore hypoperfusion in brain 
areas related to autism.

A nonrandomized, open-label, single center phase I/II trial demonstrated the 
safety and efficacy of combined transplantation of human cord blood mononuclear 
cells (CBMNCs) and umbilical cord-derived mesenchymal stem cells (UCMSCs) 
in treating 37 autistic children (Lv et al. 2013). Also in this case, however, the 
administration route was very invasive. No adverse effects were seen. Behavior 
improvements were reported with the transplantation of combined cell types.

Overall these promising results are encouraging on the future use of cell thera-
pies in treating autism. This cell therapy could be the most effective treatment for a 
specific autistic child, opening a new era in personalized autism management. The 
optimal stem cell type, dose, and administration route will need further research to 
achieve best results.

11.4  The Future: A Possibility for Endogenous Molecules

Recently, a new interesting study has demonstrated the efficacy of Gc protein-de-
rived macrophage activating factor (GcMAF) in treating autistic children (Brad-
street et al. 2012). GcMAF is an endogenous protein responsible for macrophagic 
cell activation. In total 40 autistic children treated with GcMAF reported impressive 
improvements in behaviors. Several autism specialized clinicians are prescribing 
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this molecule with very good results. By a molecular point of view, it has been 
demonstrated that in autism GcMAF is able to restore abnormal macrophagic cells 
activation via endocannabinoid system genes (Siniscalco et al. 2014). Could Gc-
MAF be the future of autism care?

11.5  Conclusions

Autism is still an unexplored pathology. Several evidences highlight the plethora of 
biomolecular and cellular changes underlined the spectrum of disease. The research 
for a cure is suffering for the lack of a specific biomarker for early diagnosis of 
ASDs. Despite these issues, the searching for a cure is an urgent priority for both 
health systems and scientific world.
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